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PBEFACE. 


I  HAVE  endeavoured  in  this  work  to  develope  the  view  that 
the  conduction  of  electricity  through  gases  is  due  to  the 
presence  in  the  gas  of  small  particles  charged  with  electricity, 
called  ions,  which  under  the  influence  of  electric  forces  move 
from  one  part  of  the  gas  to  another.  My  object  has  been  to 
show  how  the  various  phenomena  exhibited  when  electricity 
passes  through  gases  can  be  coordinated  by  this  conception 
rather  than  to  attempt  to  give  a  complete  account  of  the  very 
numerous  investigations  which  have  been  made  on  the  electrical 
properties  of  gases;  I  have  therefore  confined  myself  for  the 
most  part  to  those  phenomena  which  furnish  results  sufficiently 
precise  to  serve  as  a  test  of  the  truth  of  this  theory.  The  book 
contains  the  subject-matter  of  lectures  given  at  the  Cavendish 
Laboratory  where  a  good  deal  of  attention  has  been  paid  to 
the  subject  and  where  a  considerable  number  of  physicists  are 
working  at  it. 

The  study  of  the  electrical  properties  of  gases  seems  to  offer 
the  most  promising  field  for  investigating  the  Nature  of  Electricity 
and  the  Constitution  of  Matter,  for  thanks  to  the  Kinetic  Theory 
of  Gases  our  conceptions  of  the  processes  other  than  electrical 
which  occur  in  gases  are  much  more  vivid  and  definite  than  they 
are  for  liquids  or  solids;  in  consequence  of  this  the  subject  has 
advanced  very  rapidly  and  I  think  it  may  now  fairly  be  claimed 
that  our  knowledge  of  and  insight  into  the  processes  going  on 
when  electricity  passes  through  a  gas  is  greater  than  it  is  in 
the  case  either  of  solids  or  liquids.  The  possession  of  a  charge 
by  the  ions  increases  so  much  the  ease  with  which  they  can  be 


tracer!  and  their  jirnpertieB  Htudied  that,  ae  the  reader  will  see, 
we  know  far  more  :il«>ut  the  ion  than  wp  do  about  the  ancharged 
mo  I  ecu  It-. 

With  the  discovery  and  study  of  Cathode  rays,  Rontgen  ray* 
and  Radio-activity  ;i  new  em  has  begun  in  Physics,  in  which  the 
electrical  [iropertiis;  of  gases  have  played  and  will  play  a  mcefc 
important  part:  tin  bearing  of  bhesi;  discoveries  on  the  problems 
of  the  C'oiistitiitiiiii  .it'  Matter  and  the  Nature  of  Electricity  is  in 
iniH*i  inliiimto  cotiiitction  with  the  view  we  take  of  the  procosBW 
"hii-h  gi>  tm  whrn  electricity  passes  through  a  gas,  I  have 
i<itili>HVi>iii>'(l  to  shi'w  that  the  view  taken  in  this  volum< 
sui'jHirlt-il  by  h  huge  amount  of  direct  evidence  and  that  it 
itth^bi  a  dinvt  »u<l  simple  explanation  of  the  electrical  properties 

"("ho  {>t\-^»im-  i>{  mj  oUker  datiea  bas  caoaed  this  book  to  be 
«   vvjtonf.  i-iM>    tni!.     in  passing   through    the   press,  and    aomS 

•■iif\-i',ty;  -^^M^::!;^::,'!!?  havf  Kvn  published  since  the  sheets 
■\.^*, ;•',;  i-  '>v  v;b\vtfi  investlaiiited  were  struck  off.  I  have 
^■•v;'  *  Ovi',  K>.\  •;;■.;  v-t'  th^'s^'  in  a  few  Supplementary  Notes. 
V.  >,i.vv  ,-  -;  .,-  :o  Mr  0.  T.  B.  Wilson,  F.R.S.,  for  the 
i.-.>. «..N,t 'vx-  'o  -t,^  ^■•vf.  us^f  by  rv-ailini:  the  proofs  and  I  am 
«-r  ,',-,\-  V-     r-.  t.  ^s    .-r   :~,.   Oav-eiKlish    Laboratory    for   the 
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PREFACE  TO  THE  SECOND    EDITION. 

T  HAVE  made  many  additions  to  this  edition  and  a  considerable 
-■-  part  of  it  has  been  rewritten,  in  the  hope  of  introducing 
new  material  in  a  more  logical  and  connected  form  than 
by  merely  adding  new  paragraphs  to  the  old  edition.  This 
has  increased  the  size  of  the  book;  on  the  other  hand  the  pub- 
lication, since  the  first  edition  of  this  book,  of  Rutherford's  Radio- 
(ictivity  has  enabled  me  to  omit  some  matter  fully  treated  by 
ButherfonL  So  many  researches  on  Discharge  through  Gases 
have  been  made  since  the  issue  of  the  first  edition  that  anything 
like  a  complete  account  of  them  is  impossible  within  the  space 
at  my  disposal.  I  have  therefore  limited  myself  to  those  which 
seemed  most  capable  of  testing  the  accuracy  of  the  view  of 
Electric  Discharge  advocated  in  this  book. 

The  light  which  can  be  thrown  by  the  study  of  the  Electrical 
Phenomena  occurring  in  Gases  on  many  of  the  most  interesting 
questions  in  Physics  is  now  generally  recognised,  and  the  more 
the  subject  is  studied  the  wider  are  seen  to  be  its  applications  and 
the  greater  the  opportunities  for  further  research. 

I  take  this  opportunity  of  expressing  the  gratitude  which  all 
students  of  this  subject  must  feel  to  the  Soci^t^  de  Physique  of 
Paris  for  the  publication  of  the  collection  of  original  papers  on 
Discharge  through  Gases  in  the  volumes  Ions,  Electrons,  CorpuscleSy 
edited  by  MM.  H.  Abraham  and  P.  Langevin. 

J.  J.  THOMSON. 


Cavendish  Laboratory,  Cambridge. 
September^  1906. 
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CHAPTER  L 

ELECTRICAL.  CONDUCTIVITY  OF  GASES  IN  A  NORMAL  STATE. 

1.     A  GAS  in  the  normal  state  conducts  electricity  to  a  slight, 

but  only  to  a  very  slight,  extent,  however  small  the  electric  force 

actii^  on  the  gas  may  be.     So  small  however  is  the  conductivity 

of  a  gas  when  in  this  state,  and  so  difficult  is  it  to  eliminate 

spurious  efifects,  that  there  have  been  several  changes  of  opinion 

among  physicists  as  to  the  cause  of  the  leakage  of  electricity  which 

undoubtedly  occurs  when  a  charged  body  is  surrounded  by  gas.    It 

was  thought  at  first  that  this  leakage  took  place  through  the  gas ; 

later,  as  the  result  of  further  experiments,  it  was  attributed  to 

defective  insulation  of  the  rods  or  threads  used  to  support  the 

body,  and  to  the  dust  present  in  the  gas ;  quite  recently  however 

it  has  been  shown  that  there  is  a  true  leak  through  the  gas 

which  is  not  due  to  the  dust  or  moisture  the  gas  may  happen 

to  contain. 

2.  The  escape  of  electricity  from  an  insulated  charged  body 
has  attracted  the  attention  of  many  physicists.  Coulomb*,  whose 
experiments  were  published  in  1785,  came  to  the  conclusion  from 
his  investigations  on  the  loss  of  electricity  from  a  charged  body 
suspended  by  insulating  strings,  that  after  allowing  for  the 
leakage  along  the  strings  there  was  a  balance  over,  which  he 
attributed  to  a  leakage  through  the  air.  He  explained  this  leakage 
by  supposing  that  the  molecules  of  air  when  they  come  into  con- 
tact with  a  charged  body  receive  a  charge  of  electricity  of  the 
same  sign  as  that  on  the  body  and  are  then  repelled  from  it, 
cany^ing  oflF  some  of  its  charge.  We  shall  see  later  on  that  this 
explanation  is  not  tenable. 

*  Coulomb,  Mimoires  de  VAcadimie  des  Sciences,  1785,  p.  612. 
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i.  ELECTRICAL   CONDUCTTIVITT 

Jliitteiicci •  I'xpLTimenting  on  the  same  subject  in  1860  i 
came  tn  the  t-nm.'l  union  that  there  waa  a  leakage  of  olectriciljll 
through  ^\w  g;is;  hi-  was  the  firat  to  prove  that  the  rate  at  whtM 
thiH  leak  tikfs  place  is  lesa  when  the  preasure  of  the  gas  ia  lo*J 
than  when  it  is  high.     He  found  alao  that  the  rate  of  leak  waa 
the  siiiiic  in  air,  patbonic  ncid  and  hydrogen.     On  the  otht-r  hand  j 
Warbin'g+  found  that  the  rate  of  leak  through  hydrogen  was  only 
about  half  of  that  through  air  and  carbonic  acid;  he  agreed  with 
Rfatteucci  witli  regard  lo  the  equality  of  the  rate  of  leak  through 
these   gases   nnd   could  detect  no  difference  between  the   leaks 
through  dry  and  luoist  air;  he  confirmed  Matteucci's  observations 
on  the  effect  .,('  ]irea  ;  of  leak.     Warburg  seemed 

inclined  tn  suspect  t  is  due  to  dust  in  the  gases. 

The  belief  in  dust  bei  '  the  electricity  was  strength- 

ened  by   an    exiieria  HittorfJ   in   which   a   small 

carefully  insiilatt'd  g  cope  waa  placed  in  a  glass 

vessel  filled  with  tilfe  ctroaoope  was  found  to  have 

retained  a  charge  q\  .se  of  four  days.     We  know 

now    fmni    recent    ex  the    smallness    of  the    leak 

obsorvetl  in  this   ca5  the  smallness   of  the  vessel 

in  which  the  eliurged  I  rather  than  to  the 

of  dust. 

Further  exiK'riuients  on  this  subject  were  made  by  Nahrwoldg 
and  by  Narr'j  who  showed  that  the  rate  of  leak  from  a  charged 
hollow  sphei-e  was  not  increased  when  the  temperature  of  the 
sphere  was  raised  by  filling  it  with  hot  water.  BoysT  made  an 
experiment  which  showed  very  clearly  that,  whatever  the  cause  of 
the  leak  might  be,  it  was  not  wholly  due  to  want  of  insulation  in 
the  aupjMirts  of  the  charged  body ;  in  this  experiment  he  attached 
the  gold  leaves  of  an  electroscope  first  to  a  short  and  thick  quartz 
rod  and  then  to  a  long  and  thin  one,  and  found  that  the  rate  of 
leak  of  electricity  from  the  gold  leaves  wa.s  the  Siinio  in  the  two 
cases;   if  the  leak   had  been  along  the  sup])orts  it  would  have 

•  Maltfucei,  AnnaU»  Ae  Cliimit  tt  de  Phyiique.  xiviii,  p.  390,  1850. 
+  WarbUFK.  I'ogg.  Ann.  oxlv,  p.  578,  1872. 
X  llittorf,  »-.>,).  Ann,  vii.  p.  596,  1879. 
§  NaLrwold,  Wifd.  Ann.  v,  p.  4C0,  1S78  ;  mi.  p.  448,  1887. 
li  Nurr,  »'i>d.  Ann.  v.  p.  145,  1878;  viii.  p.  266,  1879;  iL  p.  155,  1880;    itL 
p.  658,  1882  ;  xiii.  p.  550,  1884  ;  iliv.  p.  133,  1893. 
H  BojB,  Phil.  Hag.  xiviii.  p.  14,  1889. 
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been  much  greater  in  the  first  case  than  in  the  second.  Boys 
also  confirmed  Warburg's  observation  that  the  rate  of  leak  was 
the  same  in  dry  as  in  moist  air. 

3.  The  subject  of  the  electric;  conduction  through  air  is 
evidently  of  considerable  importance  in  relation  to  Meteorology 
and  Atmospheric  Electricity.  Experiments  especially  bearing  on 
this  point  were  made  by  Linss*  on  the  loss  of  electricity  fi-om 
chai^ged  bodies  placed  in  the  open  air;  he  found  there  was  an 
appreciable  loss  of  charge  which,  as  control  experiments  showed, 
was  not  due  to  leakage  along  the  supports  of  the  charged  body. 

An  extensive  series  of  open  air  measurements  were  made  by 
Elster  and  Geitelf  in  many  difierent  localities  and  in  difierent 
states  of  the  weather.     They  found  that  the  rate  of  leak  varied 
much  fix>m  time  to  time  and  from  place  to  place,  that  it  was  very 
much  smaller  in  mist  or  fog  than  when  the  weather  was  bright 
and  clear,  that  it  was  greater  at  high  altitudes  than  at  low  ones, 
and  that  on  the  tops  of  mountains  the  rate  of  escape  of  negative 
electricity  was  much  greater  than  that  of  positive.     This  is  doubt- 
less due  to  the  negative  charge  on  the  earth's  surface,  a  mountain 
top  being  analogous  to  a  sharp  point  on  a  conductor,  and  thus  a 
place  where  the  earth's  electric  force  tending  to  move  away  any 
negatively  electrified  body  is  much  greater  than  it  is  on  the  flat. 
In  plains  they  found  the  rate  of  leak  to  be  the  same  for  plus  and 
minus  charges.    These  points  are  brought  out  by  the  results  of  the 
observations  given  in  Tables  I.  and  II.     Table  I.  gives  the  results 
of  experiments  made  at  Wolfenbiittel  at  different  times.    Table  II. 
contains  observations  at  difierent  places. 

Table  I. 


Weather 


Fog,  wind  S.E 

Clear,  air  very  transparent 

Fine  rain,  mist 

Sky  half  overcast,  air  very  transparent... 


Rate  of  leak 
for  +  charge 


2-77 

8-58 

3-18 

13-67 


Rate  of  leak 
for  -  charge 


2-64 

9-82 

302 

13-83 


•  Lines,  Meteorol.  ZeiUehr.  vr.  p.   352,   1887  ;  Elektrotechn.  ZeiUchr.  i.  11, 
p.  506,  1890. 

t  Elster  and  Oeitel,  Arm.  d.  Phytik,  11.  p.  425,  1900. 
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Table  IL 


Place  and  altitade 


Weather 


Brocken,  1140  m. 

Weiflsbad,    800  m. 

Santifigipfel,    ...  2500  m. 

Gtornergrat, 3140  m. 

Zermatt  Valley,  1620  m. 
Wolfenbuttel,  ...      80  m. 


Sunshine,  hazy 

Sunshine,  air  clear 

Sunshine,  air  very  clear 

Sunshine,  air  very  clear 

Sunshine 

No  clouds,  air  clear 


Kate  of  leakBate  of  leak 
+  charge         -  charge 


6-67 
9-66 
8-95 
3-28 
21-02 
8-45 


10-28 
9-52 
35-04 
31-26 
20-78 
9*20 


Ebert*  made  a  series  of  balloon  ascents  and  observed  the  rate 
of  leak  at  diflFerent  altitudes  up  to  about  4000  metres.  He  found 
the  rate  of  leak  to  increase  with  the  altitude.  The  excess  of  the 
leak  from  a  negatively  over  that  from  a  positively  electrified  bodv 
reached  a  maximum  at  a  height  between  2000  and  3000  metres  At 
the  highest  altitudes  there  was  but  little  difference  between  the 
two  leaks. 

4.  Further  experiments  on  the  rates  of  leak  from  a  charged 
body  placed  in  a  closed  vessel  filled  with  air  were  made  almost 
simultaneously  by  Geitelf  and  by  C.  T.  R.  WilsonJ.  The  apparatus 
used  by  Wilson  for  this  purpose  is  represented  in  Fig.  1.     Since 


Fig.  1. 

•  Ebert,  Annalen  der  Phyrik,  ▼.  p.  718,  1901. 
t  Geitel,  Phynkalisehe  ZeiUchr.  ii.  p.  116,  1900 

X  C.  T.  R.  Wilflon,  Proc,  Camh.  Phil,  Soc,  xi.  p.  82, 1900 ;  Proe.  Bay.  Sac,  Ixviii 
p.  151,  1901. 
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!  !i(  i|ii&iitity  of  electricity  which  escapes  from  the  ehnrged  brxly  ia 
jiy  small  it  is  neceeaaiy  that  the  capacity  of  the  instrument  used 
<  iTinuuTt;  it  should  be  smail ;  this  coodition  makes  it  advisable 
K'  MM.'  a  »mall  guld-leaf  electroscope  rather  than  a  quadrant 
elwirottieter.  To  prevent  the  leakage  from  the  supports  of  the 
gold  leaves  vitiating  the  experiments,  the  brass  strip  which  carries 
Aeguld  leaf  is  attached  to  and  insulated  from  a  metal  rod  A  by  a 
pere  uf  sniphur  B.  A  being  insulat^ed  by  a  plug  of  sulphur  from 
Uir  ve3§el  containing  the  gas  under  examination,  and  connected 
with  a  condenser  G  formed  of  parallel  plates  of  metal  imbedded  in 
-'  block  of  sulphur.  The  brass  strip  and  gold  leaf  are  initially 
'  hiirgtd  to  the  name  potential  as  the  rod  by  making  momentary 
inilact  between  the  rod  and  the  strip  by  means  of  a  moveable 
"ire;  the  rod  being  connected  with  a  large  capacity  remains  at 
iiimnst  constant  potential,  and  thus  if  there  is  any  leakage  of 
i^lwlriciiy  along  the  sulphar  supporting  the  brass  strip  and  gold 
loif,  ii  will  tend  to  keep  them  charged  and  not  to  discharge  them. 
Tlie  position  of  the  gold  leaf  is  read  by  means  of  a  microscope 
[iKiviilfid  with  an  eye-piece  micrometer  scale.  The  brass  strip  and 
pM  leaf  are  used  as  the  charged  body  and  the  rate  at  which  the 
image  uf  the  gold  leaf  moves  across  the  micrometer  scale  is  a 
meaKiu'e  of  the  rate  of  leak  through  the  gas.  The  following  i-csults 
wen'  obtained  by  both  Geitel  and  Wilson — the  rate  of  escape  of 
^■leclridty  in  a  closed  vessel  is  much  smaller  than  in  the  open  and 
the  IftTger  the  vessel  the  greater  ia  the  rate  of  leak.  The  rate  of 
laik  doc-a  not  increase  in  proportion  to  the  difference  of  potential 
IWBBeii  the  gold  leaves  and  the  walla  of  the  vessel ;  the  rate  soon 
Mwchcsa  limit  beyond  which  it  does  not  increase  however  nmch 

^pcknlial  difference  is  increased;  provided  of  course  that  this  is 

ft  gnat  enough  to  cause  sparks  to  pass. 

lAnuining  that  the  maximum  leak  is  proportional  to  the 
le  of  the  vessel,  Wilson's  experiments,  which  were  made  with 
s  less  than  1  litre  in  volume,  showed  that  in  dust-freo  air  at 
!]iheric  pressure  the  maximum  quantity  of  electricity  which 
I  aca[ie  in  one  second  from  a  charged  body  in  a  closed  space 
r^iluine  is  V  cubic  ccutiraetrea  ia  about  lO""  V  electroutatic 
Rutherford  and  Allen*  working  in  Montreal  obtained 
i  in  cli^ee  ftgreuinent  with  this. 

*  BntllMilOrd  %dA  AllcD.  Phy.ihiIiK-.hr  '/.tiuchr.  iii.  p.  225,  11102. 
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As  Tbe  nsf£i,  -zi  ^  «m^   :c  rxprcizzrenij^  sdiSe  ai  pressures 
frjct  -13  »  7-13  mfT-irirje^ra?  oc  ^rtti^tt.  WD2»l4i  came  to 

propi'nfri'Cal  Vj-  i&e  pre5as:r«r-  •fe.'i*  ;&a  ji-tt  preasJires  ifipc  raie  ot  leak 
is  exo=*=<iin2tT  smaZI :  •hfs  r«=snl*  is  £Z~2Sirkac»i  in  a  ssrikiiie  ^^^v  by 
an  ob=«efTa^:,c.  -ji  *l>.<-krt^  *  *£Aa  &  piir  '.c  ^itri  I^cait^  '?»:<4iid  retain 

an  •e-tf=car3c  ccArspt  ii-r  ri^.cic:?  in  &  T^rr  ni^  ^r^*^— ^  lf-:4«'  iteoent 
exptfiniiiiLSs  haTr  jc-i-Trn  "Lia  ii  is  -^clj  in  ^tt.k""  t-^sb^js  ihat  the 
TTiaTTr.inL  r^Str  -:<c  JeiiiL  is  pr:{!*:-ni*:cal  i«:  zL-t  T.-iizr^e  jjid  to  the 
prsasJir^.  Whc.  larae  T-eseels  ibe  nZfc  :c  l«eai  ptrr  "iinii  T-:iame  is 
crjci;arirrabiT  !iaai»  ihsuL  in  ?rr,A7  Teaseik  T^<t  r^air  :t  kak  also 
depezuis  tz&'jO,  itri  lazji:^  oc  ih-f  "»:ills  re  ihe  T^asieL  The 
ra&r  ot'  Iffrak  is  ab>xi*  'ihfr  s&zn-r  in  zhz  ^:^irk  jis  ii  bs  in  ibe  iizfat,  it 
H  it^s  a'-fC  d:ir  Vj  Iiztii.  :ai>i  ihi^  i:  ::an  c»f  -wb.^Z.j  'irae  M-  some 
biTisbiir  j>>nzL  ot  ra»i:as«:a  xTTiTng  fr.Gi  •:*i'i&i»>r  i:*  rvodfred  im- 
pcofaobii^  fay  ibr  obe«rfTad'jcs  •it  Rc:*h^r5:'ri  AZii  Cxk-e*"".  C^<ie*, 
M'-CIennati  azki  Bar:i:>a|  ib&a  ':h*:c^  zbr  l*r&£  imsbSe  a  closed 
Teasel  can  be  red-^c^i  by  a&jf;:  o»>  f^r  -rtni.  by  -srr-^^r^ifrtg  the 
Tisasel  winh  Aii  k«i  T*ru  siie  diininiiion.  rta*rb=*  a  liniii  vben  die 
lead  Es  afaoai  2  inr:fc-rs  wiirk.  after  -his  n?:-  •iinLin:2'n?JCi  in  ibe  leak 
19  prrjdr&%d  fay  mcreasin^  tifce  *faickiiiea>  -rt  zh^  Le^  T!i«c  rase  of 
ieak  in  a  dij^ed  T<esEeI  is  cii*r  sam*^  vhien  ^h-e  t^ssb^L  is  msb:be  a  rail- 
way nizzmfrL  as  vfa^^n  i^  :<■  *jazsi^ :  in  ^h.<c  frr-rtzber  «:asir  any  T^iiasioa 
r**arfiing  th*6  ga*  from.  •>a^«ie  m^isc  faaTe  ^raTetL*=ii  iJip.-'fLii  mauT 
feet  of  solid  njcksw  Wilsi..n  has  r»Ktn^y  inTejcijaCcd  ^^*  gr>rAC€S4 
EK&es  of  leak  diroogfa  diiiertn^  abases  ai^i  has  obuain^ed  ^e  5.Tkli.^w- 
ing  resohs: 


.SO 


irMSK<djnk 

SMciiic  ^csTifij 
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9.     Oeitel  <  ^^.  ci^  >  made  die  very  in«enescing  ob6ennad«ja  ^fcan 
race  of  leak  in  a  cl.jeed  Teseel  increases,  after  die  redilia^  of 


•  ^*»"*r.  Bof.  5ac.  ixnzL  p.  347.  I*r9« 


,  .  ^        ^'^.  Aijf.  Siic.  iaa.  |L  Sn^  1*11. 
''•*•  ^**^  -V^.  «.  S,  f.  »!»  1M4. 
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ii    seflsel    with    fresh   air,   for  siime   days,   when   it   reachts   a 

iL-ant  rahto  at.  which  it  remaios  for  an  indefinitely  long  time. 

I'rir  nitiAt  obnuiis  explanation  of  this  result  is  that  it  is  duo  to  the 

iiling  down  of  the  dust,  as  Elster  and  Oeitel  (loc.  cit.)  have 

iliown  that  the  presence  of  dust,  fog,  or  mist  diminishes  the  rate  of 

I  lok.    This  explanation  is  however  rendered  untenable  by  some 

I  later  experiments*  mode  by  the  same  physicists,  in  which  they 

^und  that  the  period  required  for  the  gas  to  attain  its  tnaxiiiium 

"Miliietivity  was  not  appreciably  diminiabed  by  filtering  the  dust 

"111  'if  the  air  by  sending  it  through  water,  or  by  extracting  the 

nwBiliire  from  the  gas :  thus  if  the  increase  in  the  rate  of  leak  is 

'   tine  to  the  setlling  down  of  some  foreign  niatter  from  the  gas,  this 

matter  must  be  something  which  can  not  be  got  rid  of  by  filtering 

its  gas  through  water  traps  or  plugs  of  gliiss-wool. 

&  Another  aspect  of  this  phenomenon  is  the  very  interesting 
fwt  discovered  by  Elster  and  Gcitel"  that  the  rate  of  leak  in 
"iMa,  and  cellars  where  the  air  is  stagnant  and  only  renewed 
■I'lwly,  is  very  much  greater  than  in  the  open  air :  thus  in  some 
'  ^jieriniente  they  made  in  a  cave — the  BaumannshShle  in  the  Harz 
Muimlmns — they  found  that  in  the  cave  the  electricity  escaped  at 
■■'.'•Ji  times  the  rate  it  did  in  the  air  outside,  even  when  this  was 
clear  nud  free  from  mist.  They  found  too  that  in  a  cellar  whose 
"indows  had  been  shut  for  eight  days  the  rate  of  leak  was  veiy 
I'ciwiiierably  greater  than  it  was  in  the  air  outside.  These  experi- 
tDente  euggeat  that  something  producing  iibnormally  great  con- 
diictinty  slowly  diffusea  from  the  walls  surrounding  the  gas,  and 
thai  Ihis  diffusion  goes  on  so  slowly  that  when  fresh  gas  is  intro- 
"Dced  it  takes  a  considerable  time  for  the  substance  from  the  walls 
to  ftgain  diffuse  through  the  volume.  The  reader  will  find  the 
^  explanation  of  these  effects  given  in  a  later  chapter. 

e  experiments  we   have  described   show  that  the  rate  of 

M  i>f  electricity  through  gas  in  a  normal  state  is  inHuenced  by  a 

tt  variety  of  circumstances,  such  as  the  pressure  of  the  gas,  the 

B  (rf  gaa  in  the  electric  field,  and  the  amount  of  dust  or 

I  in  snspeusioo  by  it;    all  these  effects  receive  a  ready 

unatton  im  the  view  to  which  we  are  led  by  the  study  of  the 

«  shnwTi  on  a  larger  scale  by  gases  whose  conductivity  has 

n  incritiuied  by  artificial  means,  and  we  shall  return  to  the 

BlalKT  nciii  OrH*\,  I'bf/tikiUitehe  Zritte\r.  ii.  p.  660,  1901. 
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snhjeci  "t  th«  leak  thntogli  utrnial  air  sAer  atwiyiDg  the  pre 
r>f  such  tr-tses.  We  raaj  howercr  at  ooee  point  oat  that  the  i 
>'f  cht^  TLte  of  leak  with  the  sixe  of  the  veaBel  cootutu 
char|^>><l  h-niy  abovs  that  the  ooodanioQ  »  nrt  dae,  as  C 
ihuught.  u>  puticW  of  gm  origiaall^  oDdmrged  stiildi^  i 
i.he  charged  hfldy  and  receiving  a.  ch«ge  which  they  deUrei 
the  did^^r  »r  the  Teasel ;  if  this  wfcre  th«  m«thcxi  by  whi 
electricity  estafed  the  nUe  of  leak  wootd  not  incKaK  wi 
size  of  [h-.-  vfsBfi. 


CHAPTER  11. 

PROPERTIES  OF  A  GAS  WHEN  IN  THE  CONDUCTING    STATE. 

7.  The  electrical  conductivity  of  gases  in  the  normal  state  is 
80  small  that,  as  we  have  seen,  the  proof  of  its  existence  requires 
very  careful  and  elaborate  experiments.  Oases  may  however  in 
various  ways  be  put  into  a  state  in  which  they  conduct  electricity 
with  so  much  facility  that  the  detection  and  investigation  of  this 
property  becomes  a  comparatively  easy  matter ;  as  the  study  of 
the  properties  of  a  gas  when  in  this  state  is  of  the  highest 
importance  from  the  light  which  it  throws  on  the  general  phe- 
nomena of  electric  discharge  through  gases  we  shall  find  it  useful 
to  discuss  the  subject  at  some  considerable  length. 

8.  There  are  many  ways  in  which  gases  may  be  made  to 
possess  considerable  conductivity  or,  as  we  shall  express  it,  be  put 
into  the  conducting  state.  They  are  for  instance  put  into  this 
state  when  their  temperature  is  raised  above  a  certain  point; 
^in,  gases  drawn  from  the  neighbourhood  of  flames,  electric  arcs 
^f  glowing  metals  or  carbon,  or  which  have  diffused  from  a  space 
through  which  an  electric  discharge  is  passing  or  has  recently 
P^^,  are  in  this  state.  A  gas  is  put  into  the  conducting  state 
^hen  Rontgen,  Lenard  or  cathode  rays  pass  through  it,  the 
^nae  effect  is  produced  by  the  rays  from  uranium,  thorium,  or  the 
'^dioactive  substances,  polonium,  radium,  actinium,  obtained  from 
pitch-blende  by  Curie,  Curie  and  Bemont  and  Debierne  respec- 
^j^^ly,  and  also  as  Lenard  has  recently  shown  by  a  very  easily 
absorbed  kind  of  ultra-violet  light.  E.  Wiedemann  has  shown 
that  electric  sparks  give  out  rays,  called  by  him  Entladungstrahlen, 
^hich  produce  the  same  effect.  Air  which  has  passed  over  phos- 
phorus or  which  has  bubbled  through  water  is  also  in  this  state 
and  remains  so  for  some  time  after  it  has  left  the  phosphorus  or 


HH^^^^H 
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1  by  the  rsT!  towan^s  the 

ilvctfiso.'!" ,  :h.-  LuuT  will  beain  t.*  h^-  its  chiirge.  showing  that 
xh\-  air  ha^  rvr;iiti-ii  its  ciinductivitv  during  the  tinu-  taken  by  it 
t"  tnivol  w  ;hf  vltfirKSoiipi-  fri.>m  the  place  where  it  was  exposed 
t.i  the  niys.  A  SMUiewhat  more  elaburate  form  of  this  experiment, 
which  onahKs  us  w  pri've  si-v,.nil  uthtfr  interesting  properties  of 
ihi'  eoiid noting  j?»s.  is  to  plaw  the  eWlmscupe  in  a  glass  vessel  A 
ill  which  thoiv  aiv  t«i>  tulvs,  one  leading  to  a  waier-pump  while 
ihi'  end  ul'  the  otlier  C  is  in  the  ivgion  traversed  by  the 
Kontgin  rays.     The  tnbe  iisiti  to  prvxliice  the  rays  is  placed  in  a 
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/ 


\ 


-^43=^ 


box  which  with  the 
through  in  covered  ■ 


exception  of  a  window  at  B  to  let  the  rays 
rith  lead:  this  shields  the  electroscope  from 
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'  iliroct  actiou  of  the  rays :  if  the  water-purap  l>e  wiirkL'(i  slowly  ' 
<  i"  Ui  make  a.  slow  curreat  of  air  paas  from  the  region  traversed 
'  I  he  rays  into  the  vessel  A  the  electroscope  will  gradually  lose 
^  charge  whether  this  be  positive  or  negative:  if  the  pump  be 
I'lmd  and  the  current  of  air  ceases,  the  discharge  of  the  electro- 
■'[•f  wiU  c«ase. 
The  conducting  gas  loses  its  conductivity  if  it  is  mieked  through 
I'iug  iif  glass- wool  or  made  to  bubble  through  water'.  This  can 
'  I'lily  be  proved  by  inserting  in  the  tube  C  a  plug  of  glass-wool 
ttn  waU;r-tmp  and  working  the  water-pump  a  little  harder  ao  as 
1"  make  thf  rate  of  flow  of  air  through  the  tube  the  same  aa  in 
tilt  previous  experiment;  it  will  now  be  found  that  the  electroscope 
«ili  retain  its  charge,  the  conductivity  has  thus  been  taken  out  of 
the  gu  by  filtering  it  through  glaas-wool  or  water.  The  c<>n- 
■liKtivity  is  very  much  more  easily  removed  from  gases  made 
«jiii|iirtiDg  by  the  various  rays,  Rontgen,  Lenard,  cathode,  &c., 
'liau  fi\jm  the  conducting  gases  derived  from  flames  and  arcs ;  the 
I.ittL-r  as  we  shall  see  require  a  great  deal  of  filtering  to  remove 
liircooductivitj'.  If  we  replace  the  tube  C  by  a  metal  tube  of 
'■-  i»re  we  shall  find  that  the  gps  loses  some  of  its  conductivity 
■  I'll  it  passes  through  it,  and  the  finer  the  bore  the  more  rapidly 
-''  the  conductivity  disappear.  The  conductivity  may  also  be 
'  'iiwwl  from  the  gas  by  making  it  traverse  a  strong  electric  field 
"ihat  a  current  of  electricity  passes  through  itf.  To  show  this, 
f^iiLice  the  glass  tube  C  by  a  metal  tube  of  fairly  wide  bore  and  fix 
aluag  the  axis  of  this  tube  an  insulated  metal  wire ;  if  there  is  no 
potential  diflference  between  the  wire  and  the  tube,  then  the 
■'  '^^roscope  in  A  will  leak  when  a  current  of  air  is  sucked  through 
"^  ■ipparatua ;  if  however  a  considerable  difference  of  potential  is 
"■'lilished  between  the  wire  and  the  tube,  so  that  a  current  of 
"t-ricity  passes  through  the  gas  during  its  [jassage  to  A,  the 
'''  of  the  electroscope  will  cease,  showing  that  the  conductivity 
^»ae  gas  has  been  removed  by  the  electric  field. 


The  removal   of  the   conductivity  by  filtering   the  gas 
I  glaa«-wuol  or  water  and  by  transmission  thixjugh  narrow 
'  '.il  tubes  shows  that  the  conductivity  is  due  to  something  mixed 


n  ttnd  E.  Rolberford.  Phil.  Uag.  ilii.  p.  392.  1896. 
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..^  to  tne  coDclusioD  that  the  oonductiTi 
>  electrified  particles  mixed  up  with  the 
Eurticles  having  charges  of  positive  electricity 
7e  shall  call  these  electrified  particles  ions, 
hich  a  gas  is  made  into  a  conductor  the  ioi 
7e  shall  show  later  on  how  the  masses  and  ( 
lay  be  determined,  when  it  will  appear  that  th 
ot  identical  with  those  met  with  in  the  electroi 

11.    The  passage  of  a  current  of  electricitj-  thr 
as  does  not  follow  Ohm  s  law  unless  the  electrom 
Q  the  gas  is  small    We  may  investigate  the  rela 
urrent  and  potential  difference  by  taking  tw« 
lates  A  and  B  (Fig.  3)  immersed  in  a  gas,  the  ; 


^ 
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battery  of  several  storage  cells,  the  other  terminal  of  the  battery 
being  connected  with  the  earth ;  initially  the  two  pairs  of  quad- 
rants of  the  electrometer  are  coimected  together,  then  the  con- 
nection between  the  quadrants  is  broken,  as  a  current  of  electricity 
is  passing  across  the  air  space  between  A  and  B,  the  plate  B  gets 
charged  up  and  the  needle  of  the  electrometer  is  deflected ;  the 
rate  of  deflection  of  the  electrometer  measures  the  current  passing 
through  the  gas.     By  making  a  series  of  observations  of  this  kind 
we  can  get  the  means  of  drawing  a  curve  such  that  the  ordinates 
represent  the  current  through  the  gas  and  the  abscissae  the  potential 
difference  between  the  plates :  such  a  curve  is  represented  in  Fig. 
4*.   We  see  that  when  the  difference  of  potential  is  small  the 


Fig.  4. 


curve  is  approximately  a  straight  line,  in  this  stage  the  conduction 
obeys  Ohm*s  law ;  the  current  however  soon  begins  to  increase 
°^<>re  slowly  than  the  potential  difference  and  we  reach  a  stage 
where  there  is  no  appreciable  increase  of  current  when  the  potential 
™srence  is  increased :  in  this  stage  the  current  is  said  to  be  satu- 
rated. When  the  potential  difference  is  increased  to  such  an  extent 
that  the  electric  field  is  strong  enough  to  ionise  Ihe  gas,  another 
*^e  is  reached  in  which  the  current  increases  very  rapidly  with 
^^^  potential  difference ;  curves  showing  this  effect  have  been 
obtained  by  von  Schweidlerf  and  by  TownsendJ,  one  of  these 
^  shown  in  Fig.  5.     The  potential  gradient  required  to  reach 


♦  J.  J.  Thomson,  Nature,  April  23,  1896. 

t  von  Schweidler,  Wien,  Bericht,  cviii.  p.  273,  1899. 

X  J.  S.  Townscnd,  Phil.  Mag,  vi.  1,  p.  198, 1901. 
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1.     TVi-r   i*;-;ra:i'>ii  T-.TTr^\  be;Ti*n  rwo  panJlel  {dates  of 

sr-A  'I'rjurn'ii  Tzj^jii  :h^  aci>:iii;  ■.■?  i*:4ii:sia<;<fi  benreen  the 

;  if  '.f.-r  i'frii.si&::oii  r^es  plioe  :hi\-c^oa;  the  whole  TtJume 

I  V^*Ti-*:»rr.  tr.r  pla:^  :h^::  rhe  ^re-Ait-r  the  di$buice  between 

'A'.t^.  th^  :?rva:«ir  L-  rh-r  sa"r.ra:i-:'Q  cument.  so  that  if  we  use 

':.}^.  'iiff'rr*;r»'>is  larz'c  T:ii->'3zn  :o  pr»?ti'i«-  simratitKL.  then  with 

•'jtt>'.  <liff^r^rict  ■■f  pi-.-i-enria;  :K-r  jr«iter  the  distaDce  between 

*-(  'hi'-.  iar?';r  is  th^-  Cirrvnt.     Thus  the  bebanoor  of  the 

u'£  iiA.-  U  vvty  diffeK-n;  frr-iii  :ha;  of  a  metallic  or  liquid 

■:'.':  f^ori'l'iot'-r  f'-r  if  such  or-D-luctois  were  substituted  fiw 

'.?.'■  ^-r^^trr  th^  <ii<tani>r  b>e:w^<en  the  plates  the  smaller 

':  th-:  ciiT^nt.   Under  verj-  small  p>teoiial  differences  how- 

r.rir-,-*;  c'a^i-r*  of  o-nductors  would  behave  in  the  same  way. 


13  Tt.i  p>^uliaritie#  shown  by  the  oooducti'.'Hi  through  gases 
Hf':  ■•-rj  htt^y.w  <:xpIaiDe<i  on  the  a^^umptiou  that  the  conduction  is 
'I  .<;  v>  .''/fL-  riiixird  with  the  g»s.  Let  us  ior  example  take  the  case 
'.',  ■'i%\iTH\VA\.  Suppose  that  in  the  gas  between  the  plates  the 
iu'.i,-l.wi  ai^-rnt  yiivjdtices  in  one  seevmd  ^  positive  and  y  negatire  ions 
HtA  \f'  «  V;  the  magnitude  of  the  t'ltvtric  charge  on  an  ion,  then 
if  Hu  <;l<r^nc  current  i  passes  Wtwoon  the  plates,  t  «  positire  ions 
ar<:  driv(.-n  against  the  neg-ativo  electi\ide.  ami  the  same  number 
<A  ri<:gativ«  ions  are  driven  against  the  p««ittw  electrode  in  one 
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lEn^^^each  afcond  ije  positive  and  negative  Tmu  are 

p  out  of  the  gas  by  the  current.     When  the  gas  is  in  a  steady 

I  the  namber  uf  ions  taken  out  of  it  in  a  given  time  cannot 

^ter  than  the  number  of  ions  produced  in  it  in  the  same 

1,  benoe  ije  cannot  be  greater  than  q.  and  thus  i  cannot  be 

r  than  ije:   (je  is  thus  the  value  of  the  saturation  current. 

ll  the  iins  are  produced  uniformly  throughout  the  gas,  and  if  q, 
ibi'  number  of  iona  produced  in  one  second  in  unit  volume,  and 
I'  tW  volume  of  gas  between  the  plates  (Fig.  3),  then  the  number 
I  iDus  produt'ed  in  the  gas  per  second  is  q„V and  the  saturation 
imml  q,eV.  Since  V  is  equal  to  the  area  of  one  of  the  plates 
mikiplicd  by  the  distance  between  the  plates  the  saturation  current 
I  |inipi)rtional  to  this  distance.  This  relation  between  the  satura- 
ii'iti current  and  the  distance  between  the  plates  has  been  verified 
^1' nieosiirements  of  the  saturation  currents  through  gases  exposed 
'"RiSiitgen  rays*. 


14.  Even  when  there  ia  no  current  of  electricity  passing 
ihMiigh  the  gas  and  removing  some  or  all  of  the  ions,  the  number 
"f  ions  present  in  the  gas  does  not  increase  indufiuitt'ly  with  the 
'Jiiw  which  has  elapsed  since  the  gas  was  firet  exposed  to  the 
"Utting  agent;  the  number  of  ions  in  the  gas  and  therefore  its 
i^'inductivity  acquire  atlera  time  steady  values  beyond  which  they 
'i"  nut  increase  however  long  the  ionising  agent  may  act.  Thin  is 
Aw  b)  the  recombinations  that  take  place  between  the  positive 
i»iiJ  nirgaiive  ion.s;  these  iona  moving  about  in  the  gas  sometimes 
t'lini-  tntti  collision  with  each  other  and  in  a  certain  fraction  of 
*'i''b  atatia  of  collision  the  positive  and  negative  ions  will  remain 
t^K^thar  after  the  collision,  and  fonn  an  electrically  neutral  system 
9  wiiutituents  of  which  have  ceased  to  be  free  ions.  The  collisions 
n  Itius  cause  the  ions  to  disappear,  and  the  steady  state  of  a  gas 
Wn  is  not  earrving  an  electric  current  will  be  reached  when  the 
IT  of  ions  which  disappear  in  one  second  as  the  result  of  the 
8  i»  tKjmtl  to  the  number  produced  in  the  sivmc  time  by 
^  agent.  Starting  Irom  this  principle  it  is  very  easj'  to 
'^tipte  the  relation  between  the  number  of  free  ions  when  tiie 
a  steady  state,  the  strength  of  the  ionising  agent,  the  rate 
1  tliL*  ions  increase  on  the  first  espnsure  t^i  the  ionising 


*J.  i.  TliOQUoii  »iiJ  E.  Ilulliiictotd,  Phil.  Map.  v.  13,  p.  393,  IdDG. 


:■». 


[n 


ir   'TTIfrT     'ZtE-y    dir     k^w;*^ 


:t;;r'''  *-*'  "-•^  "i"'^ 


lae  ii^isiDg 


a»ci"^»  prodnoed 


'-r//'*  -    ■    '.♦^r    '-"^-'-i'!    :*rc.T::zLK^:r^    .r   tit   X"**.      T!ie   ^'limber  of 
■..',r,A.  "/.  ''  \      I:"  i  '^rr^LLi  zrifc-'n*  c  .t  'Jirr  .-  iIi2?L.  122?  r*frKil:  in  the 


V  f  u tt,KA  .r.  -ft  •  .  .. 


Xff-.l-..    "W! 


1  ',  ,^r.\*/  »:.,'.'.  ..-,  ..••j:-'':*-!.*:-^":    c'  ?-  i:ii:  ^    i»f!ict  r  r  i^f  ^he  time 


•/,w.    "'    '.A  • 


.1 


IL 


=  •;  —  a;.  •». 
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».K/    '/, I  ,=..'./•  '.f  «Kj'  h  j^.,  if  ^-  =  7  a.  and  •■  =0  wh-rii  f  =  0. 

(^6^  -  1  . 

""^'  .^^^n" ^*^- 

/^,  iJi/     /.I I  J'    'il  /'    '. K'^fi  i\\t'.  ^>ir.  i-i  in  a  stoaily  srace  is  obcain^ 
Ky  ffikiutt'/^  t  '/j'j;il  to  jnfmir.y  in  f.-quation  <3»  and  is  given  bv  the 

V  a 

W':  •>•'•  tf'.r/j  <:»  J  nation  ('ij  that  thr  gjis  \vill  not  approximate  to 
a  ♦if^;i/ly  -it.i''-  'i'l'ii  -^'«<  i^  J'^r^j*?,  1.^  until  <  is  large  compared  with 
\j2ka,  that  I-  '\iiU  I  2/<..a  ur  1  2\^fja.  We  may  thus  take  1  2\^ 
an  rli';  rii'-Ji-ur':  «>F  th»-  tiiin-  taki.-n  by  tho  gas  to  reach  the  steady 
Mtiif.<^  iifi'l'-r  '  :q»«»^iiPr  to  thf:  ioni.sing  agent;  as  this  time  varies 
iriverH<ly  a^  V7  wt:  rt«!'-  that  when  the  ionisation  is  feeble  it  may 
Uikf  it-  v«'ry  ^-.on^^iderable  time  for   the  gas  to  reach  the  steady 


1^15]  WHEN   IN  THE  CONDUCHNG   STATE.  17 

Thus  at  some  distance,  say  a  metre,  from  an  ordinary  Rontgen 
l)Tilb  it  may  require  an  exposure  of  a  minute  or  two  to  bring  the 
gas  into  a  steady  state. 

We  may  use  equation  (2)  to  determine  the  rate  at  which  the 
immber  of  ions  diminishes  when  the  ionising  agent  is  removed ; 
patting  9«=0  in  that  equation  we  have 

d«  =  -«" W' 

^  "==ITif <^>> 

where  n,  is  the  value  of  n  when  ^  =  0.  Thus  the  number  of  ions 
Uk  to  one>half  its  initial  value  in  the  time  1/n^.  We  may 
regard  equation  (4)  as  expressing  the  &ct  that  a  free  ion  lasts  for 
a  time  which  on  the  average  is  equal  to  1/an, 

16.     Equation  (4)  has  been  verified  by  Rutherford  for  gases 

exposed  to  Rontgen  rays*  and  to  the  radiation  from  uranium f^ 

by  M*CJlungJ    for    gases    exposed    to    Rontgen    rays,    and    by 

MK)leIland  §  for  the  case  of  gases  drawn  frx>m  the  neighbourhood 

of  flames  and  arcs.     Two  methods  have  been  employed  for  this 

purpose.    In  one  method  air  exposed  to  rays  at  one  end  of  a  long 

tube  is  slowly  sucked  through  the  tube,  and  the  saturation  currents 

measured  at  difierent  parts  along  the  tube.     These  currents  are 

proportional  to  the  value  of  7i  at  the  place  of  observation,  and 

knowing  the  velocity  of  the  air  and  the  distance  of  the  place  of 

observation  from  the  end  of  the  tube,  we  know  the  time  which 

bas  elapsed  since  the  gas  was  ionised  ;  we  can  thus  find  the  values 

of  n  corresponding  to  a  series  of  values  of  ^;  values  detennined  in 

this  way  were  found  by  Rutherford  to  agree  well  with  those  given 

by  equation  (5).     This  method  can  only  be  used  when  a  large 

q^iantity  of  gas   is    available.     Another   method   also    used   by 

^therford  can  be  employed  even  for  gases  of  which  only  small 

^loantities  can  be  procured.     In  this  method  gas  confined  in  a 

V€8Bel  is  exposed  to  the  action  of  an  ionising  agent  such  as  the 

^tgen  rays.    Inside  the  vessel  are  two  parallel  metal  plates 

*  Rotherford,  PhiL  Mag.  v.  44,  p.  422,  1897. 
t  Rotherford,  Phil.  Mag.  v.  47,  p.  109,  1899. 
t  M<<:;iiiDg,  Phil,  Mag.  vi.  3,  p.  283,  1902. 
I  McClelland,  Phil.  Mag.  v.  46,  p.  29,  1898. 

T.  O.  2 


--  ikcpT)  to  earth.     A  pendulum 
that  as  a  heavy  pendulum  swings  it  str 
this    means    makes   or  breaks    various 
vessel  is  under  the  influence  of  the  ray 
together  and  to  earth,  then  A  is  disconnt 
electrometer  and  left  insulated,  and  B 
earth  ;  the  pendulum  is  then  let  go :  as  i 
current  going  through  the  primary  of  th 
excite  the  rays,  it  thus  stops  the  ionisatioi 
t  (which  can  easily  be  varied)  it  strikes 
which  has  the  effect  of  connecting  B  with 
of  the  battery,  thus  producing  a  strong  ele 
plates  A  and  B :  this  field,  if  B  is  charged 
very  small  fraction  of  a  second  all  the  poj 
between  A  and  B  against  A ,  so  that  A  rec( 
proportional  to  n ;  the  pendulum  in  its  swin 
connect  B  firom  the  battery  and  connects  i 
A  is  now  connected  with  the  electrometer  1 
deflected  by  an  amount  proportional  to  the 
i,e.  to  n.     By  adjusting  the  apparatus  so 
which  elapses  between  cutting  off  the  rays  i 
he  battery  we  find  a  series  of  correspond! 
hese  were  found  by  Rutherford  to  fit  in 
idicated  by  equation  (5).     The  followinp^  t-. 
hich  the  ionisation  '^^'- 
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depends  upon  the  intensity  of  the  ionisation,  the  figures  may 
however  serve  to  give  an  idea  of  the  order  of  magnitude  of  the 
rate  of  decay  in  air  under  strong  Bontgen  radiation. 

Thus  after  4  seconds  there  was  still  a  very  appreciable  amount 
of  ionisation  in  the  gas.     The  duration  is  still  more  marked  in  the 
following  example  when  the  radiation  was  much  weaker.     The 
electrometer   was  not    equally  sensitive    in    the   two    series    of 
experiments. 


Time 

Deflection 

•004 

174 

•46 

139 

2 

107 

4 

54 

8 

30 

16 

16 

Thns  atter  16  seconds  in  this  case  the  gas  retained  more  than 
10  per  cent,  of  its  ionisation. 

Rutherford  measured  the  rate  of  decay  in  various  gases 
exposed  to  Rontgen  rays  of  as  nearly  as  possible  the  same 
intensity.  The  results  are  shown  in  the  following  table ;  the  first 
column  contains  the  name  of  the  gas,  the  second  T  the  time 
taken  for  the  ionisation  to  sink  to  one-half  of  its  original  value ; 
we  have  seen  that  r=l/wQa  =  l/Vga  J  the  third  column  contains 
relative  values  of  q^  and  the  fourth  column  the  relative  values 
of  0  calculated  from  the  values  of  T  and  q. 


Hydrogeu 

Air 

Hydnxjhloric  acid  gas 

Carbonic  acid  gas 

Sulphur  dioxide   

Chlorine    


T 

fl 

a 

•65 

•5 

4-8 

•3 

1 

11 

•35 

11 

•75 

•51 

1-2 

33 

•45 

4 

1-25 

•18 

18 

2 

16.  Rutherford  showed  that  the  value  of  T  was  very  much 
diminished  when  any  dust  was  present  in  the  gas,  the  dust  did 
not  however  affect  the  saturation  current.  Thus  for  example  when 
chlorine  was  first  admitted  to  the  testing  vessel  the  value  of  T  was 

2—2 


.^  %9f  ntt^nng  the  gai 
eii€<rc   prvxiuoed  by  dust  is  €asOT  ex 
irticles  are  in  all  pf»>babiIicT  verv  larg^  c»»a 
las  if  a  p:<>itiv^  L-^n  strik-r^  -v^.iinst  a  drist  pc 
forms  a  lar^«r  >y>tn-in  which  i>  much  m«»iv  L 
negativtr  i»>n  an«i  neutTaii>ed  than  if  the 
laincid  firee ;  in  this  way  the  presence  of  da: 
ircombination  of  the  ions.     The  presence  of  <i 
iperiments  probably  explains  the  discrepancy 
nd  those  of  Townsend.  who  used  dust-free  gase 
V  the  first  of  the  methods  described,  care  bei 
abes  through  which  the  ionised  gases  were  sue 
bat  the  loss  of  ions  from  diffusion  to  the  sides  « 
e  neglected  in  comparison  with   those   lost  t 
'ownsend  found  that  for  air.  oxygen,  carbonic  ac 
had    the    values,  3420e,  3380e,   3500e,  and 
the  charge  on  the  ion  in  electrostatic  units.     ^ 
is  about  3*5  x  10"**,  so  that  a  for  air,  oxygen,  ai 
out  1*2  X  10^,  while  for  hydrogen  it  is  about 
Rutherford  8  experiments  the  value  of  a  fi 
ee  times  that  for  carbonic  acid,  but  it  is  proba 
his  case  were  not  really  dust-free. 

17.    Variation  of  a  with  the  pressure  ^ 

lary  experiments   mnH- 
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uum  foil,  the  alternate  diaphragcu 
n>gi-tJier  by  luctallic  connoctiona;  a  large  poteatial  difference  could 
\m  istahlished  between  the  two  sets  of  diaphragms  so  that  the 
fclectric  field  in  the  space  between  two  adjacent  diaphragms  was 
to  saturate  the  current     The  gas  was  ionised  by 
ilnlgen  rays  which  paased  along  the  axis  of  the  cylinder  and  thus 
■veTBed  the  diajihragms.     When  the  gas  was  exposed  to  the  rays 
llbe  diaphragms  were  kept  at  one  potential,  the  rays  were  then 
H  off  and  the  strong  electric  field  applied  at  various  intervals 
if  the  stoppage.     This  field  drove  all  the  positive  iona  existing 
■  the  timti  of  its  application  to  one  set  of  diaphragms,  all  the 
gatiyc  to  the  other;   the  charge  communicated  to  these  dia- 
phragms M'as  iiieasiired.     In  this  way  a  series  of  values  of  it  for 
liiffureui  values  of  (,  the  interval  after  the  stoppage  of  the  raj-s, 
L  *M  (let«naiued ;   these  values  were  found  to  lie  on  the  curve 
^■micated  hy  the  theory,  i.e.  the  curve  whose  equation  is 

W  «=-"^ 

r  l  +  n^at' 

Thin  i?qualion  was  verified   for  pressures  varying  from  '25  to  3 
.  Wiuuspherca.     The  absolute  value  of  a  was  not  however  deduced 
n  this  equation,  but  was  detennined  as  follows.   The  saturation 
TcQt  WAS  measured  with  the  rays  on ;  from  this  we  can  determine 
B  number  of  ions  produced  by  the  rays  per  second ;  in  the 
pt  place  H,  the  number  of  ions  in  the  gas,  was  determined 
Pillowing  the  gas  to  get  in  a  steady  state  under  the  action  of 
B  t»yit  when  no  electric  field  acted  on  the  gas ;  the  rays  were 
I  cut   off  and  a  strong   electric   field   immediately   applied; 
*  limve  all  the  free  ions  of  one  sign  to  one  of  the  electrodes ; 
f  measuring   the   chaise  given   to  the  electrodes  »   could   be 
»d.   Since  g  =  an'  where  y  is  the  number  of  ions  proiluced 
8  per  8ec.  per  cc,  and  »  the  number  of  free  ions  per  c.c, 
1,  if  (  is  the  distance  between  the  plates  and  A  the  area  of  a 

'.(i  =  lAq,  jV=Mn,  hence  a  =  LA-^      M'Clung    by    using 


■  A"' 


nuthod 


tbund  that  a  was  inde{>endent>  of  the  pi-essiire  fur 

from    2a    to   3  atmospheres.     Langevin,  who   used   a 

method,  which  will  be  described  later  (see  p.  64),  found 

a  between  1  and  3  atmospheres,  and  his  values 

cluaely  with   MHJIung's;   at   pressures   less   than   an 
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rpressurea   This  effect  might  not  be  appreciable  on  tKe~ 

8  Twpre«entJng  the  connection  between  n  and  the  time  elapsed 

i  the  rays   were  stopped,  for  in   the  thin   layer  of  intense 

tetioD  doee  to  the  metal  the  rate  of  recombination  is  bo  rapid 

k  the  effect  of  it  would  die  away  almost  as  soon  as  the  rays 

!  stopped.      Ions   would    also    be    lost   by   diffusion   to   the 

;ms  and  unless  this  was  allowed  for  the  values  found  for 

be   too   large.     The   correction   for  diffusion   would  be 

r  at  low  pressurt^s  than  at  high  and  would  vary  inversely  as 

Ksqnaiv  of  the  distaiiff  bt-twc-cn  the  diaphragms. 

1 18.   Effect  of  temperature  on  the  value  of  a.    This  has  been 

1  by  M'<^Iung",who  used  the  method  he  had  previously 

1  to  determine  the  variation  of  a  with  the  pressure.     He 

I  the  relation  n  =  ^ — - —   fur  a  number  of  temperatures 

1  +  n,3(  ^ 

g  up  to  270"  C.     He  found  a  very  considerable  increase  in  s 
le  temperature,  hia  results  being  shown  in  the  following  tablo ; 
Temperature  a 

1.V  C.  35 


s:  experiments  lunke  the  value  of  a  at  270°  C  eight  times  the 
eat  15" C,  At  the  highest  temperature  the  density  of  the 
s  only  J  of  its  density  at  15"  C.  and  since  at  small  densities 
3  we  have  seen  a  discrepancy  between  M"Clung's  and 
B  resalt^,  the  values  obtained  by  the  latter  observer  being 
Aly  less  than  M°Clung's,  it  is  desirable  that  further 
I  by  some  different  method  should  be  made  on  the 
tt  of  temperature  on  o,  especially  as  wo  shall  see  that  it  is  veiy 
mlt  to  reconcile  other  properties  of  the  ions  with  such  a 
[B  temperature  coefficient  of  a. 

The  values  of  a  found  by  the  preceding  method  afford  a 
pdeal  of  information  as  to  the  way  in  which  the  ions  recombine. 
I  hare  seiin  that  the  number  of  recombinations  per  sec.  per 
It  centimetre  is  in  air  at  atmospheric  temperature  about  10~*"'. 
ft  Noetic  theory  of  gases  shows  however  that  at  this  tempera- 
ithe  tfttdl  Hiiuiber  of  collisions  between  the  molecules  of  a  gas 
>,  n.  055,  ino». 


^^— **-        '  B      111  ■■■,■  ii^i 

rw"  ■  **  -  '~^'  ^''~  *  ?  r-t  rj^-iig  inrersely 
-^-  i^.-T  >^^-7fi:i-Tci  ^r-T  izi-  »  r^?m  ihe  theory 
t:  r  vi:i  -;i-3^  :••::-*  atv  i:  a  distance  r 
■-'--.  >  ~-i.-'.:  :^i^  •-  -.  »r-^-^  ^.^  thf  charge 
■-  ;.ie'-i  -•^■^^.- -■  ■  :-^-T-_t*  -■-■fjeii  .^rbits  round 
ir-iiTkv  --■--  "-^7  c^-.  iE  -.niimte  distance 
^:;  r:  -'.r.  rv-  ci::-T,  I:,  however,  the  kinetic 
t-  r  '  '--'-  ;iir::-':^*  »~->.t  r^v-.-Iw  rvjuod  each 
■'-■-'  T- -^  :■  r  r^.-' aibnuiiKKi  to  take  olace 
;a:    r  <  -  or  r  <  s 


r*v.h  w::r,ja  ;bi*  di^uuic^   ihev  wil 


J"  -r.^  jdaetic  ciirrej".  ■nK"  dvpmiis  upon  th« 
LmiVLiii  .iijtanor  wili  bt  tht>  A:»uie  lor  all  ions 
ic  t-n-r^  ''t"  («■■:'  i'-n*-  **'  hav^'  by  the  kinetic 
y  is  tht-  ni.imbr.-r  ■■!'  moWuEes  in  a  cubic  centi- 
,  i,r...s.ar..-  p. 
T;  thus  r=:ip.Vandr  r--\V3/*. 


■■  ,,r.: 


;s,sure  and  0"  C. 


e  =  35x10-' 
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I  Hence  for  rvcumbinittiiin  Ut  take  place  lietweeo  two  unutb^ 
It  approach  to  A  ilJstance  of  1-4  x  lO""*  cm.  of  each  other.  This 
uice  is  Kxoecijinglj-  small  comjiared  with  the  average  (listaDce 
|*etfn  the  ions  in  any  known  casee  of  ionisatioD.  To  find  how 
g  on  ion  will  be  before  it  cornea  within  this  distance  of  an 
Ktcly  charged  ion  let  V  be  the  average  velocity  of  transktion 
Ihe  ion.  relative  to  an  oppositely  charged  ion ;  in  the  time  ( the 
■  will  detteribn  a  path  Vt,  and  fur  every  point  inside  the  cylinder 
evolame  is  irp'Vt  the  perjjendicuhir  from  the  point  on  the 
i  of  motion  of  the  moving  ion  will  be  Ifss  than  p.  If  all 
GtiMis  of  relative  motion  are  e<)tially  probable  the  mean  value 
Jtiis  perpendicular  is  -  r.  where  r  is  the  distance  of  the  moving 

1  the  point.     Thus  if  ;)  =  j-  x  1-4  x  10"*  and  if  there  are 

Hltivc  and  a  negative  ions  per  unit  volume  the  ion  in  the  time 

11  come  within  combining  distance  of  nirj^  Vt  oppositely  charged 

,  Thus  the  average  free  life  of  an  ion  will  be  llnirp'V,  and  the 

number  of  recombinations  in  unit  volume  per  unit  time  will  be 

'I  i'nirp' V or  irp' Vn\    Thus  a  =  trp' V,  or  substituting  the  value  of 

!'.  m  X  10-'"F.     If  the  ions  in  hydrogen  had  the  same  mass  iis  a 

tiydrogen  molecule  Fat  0°C.  would  be  ^2  x  IS  x  10',  and  a  there- 

'"ff  87  X  10~':  this  is  the  right  order  of  magnitude  for  a,  as  wo 

we  iH;(jn  that  at  atmc)Spheric  pressure  «  for  hydrogen,  air,  and 

'iriwnii;  acid  is  about  10~*.     We  should  expect  that  the  value  of  a 

;.'iven  by  the  equation  a  =  3'9  x  10~"F  would  be  too  small,  for  in 

Jcdncing  that   i-quation   we   have   neglected    the   effect    of   the 

funding  gas  on  the  motion  of  the  ions;   this  gas  would  act 

)  a   resisting    medlimi    and    would    cause   some    ions    to    fall 

r  which  would  have  escaped   from  each  other's  action  if 

ir  motion  had  not  been  retarded  by  the  gas  through  which 

f  Were   moving.     We   should    expect   the   effect   uf  the  gas 

'  "  ;  greater  at  high  pressures  than  at  low  ones,  so  that  a 

■I  diminish  with  the  pressure,  a  result  shown  very  clearly  in 

us  ex[H.'riment«.     Since  the  value  of  a  got  on  the  sup- 

]  that,  the  mass  of  the  ion  is  equal  to  that  of  the  luoleeule 

>f  thi)  right  order  of  magnitude,  we  infer  that  the  mass  of  the 

i*  not  a  large  multiple  of  the  mass  of  the  molecule. 

1  now  find  the  rate  at  which  a  chargeil  molecule  would 
I  an  uncharged  one  to  form  n  complex  ion  containing 
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le  at  least  5  x  10^  the  number  of  combinations  between  oppositely 
;haiged  ions;  hence  at  the  very  beginning  of  its  career  the 
charged  molecule  will  unite  to  form  a  more  complex  ion,  so  that 
I  charge  will  be  carried  during  practically  the  whole  of  its  existence 
as  a  free  charge  by  a  complex  ioiL 

21.  laimit  to  the  size  of  a  gaaeouM  ion.  After  the  charged 
molecule  has  increased  in  size  by  attracting  another  molecule,  the 
work  required  to  drag  an  additional  uncharged  molecule  away  from 
it,  starting  from  a  given  distance,  will  be  less  than  the  work  required 
to  drag  an  uncharged  molecule  away  frt)m  a  single  molecule. 
The  more  complex  the  ion,  becomes,  the  less  the  work  required 
to  drag  an  uncharged  molecule  away  from  it,  and  at  a  certain  stage 
of  complexity  the  work  required  to  drag  an  uncharged  molecule 
from  an  ion  with  which  it  is  in  contact  is  less  than  the  kinetic 
energy  the  system  possesses  in  virtue  of  its  temperature ;  when 
this  stage  is  reached  the  ion  will  cease  to  attract  fresh  molecules. 

The  work  required  to  separate  an  uncharged  sphere  of  radius 
a  from  a  charged  sphere  of  radius  b,  the  spheres  being  infinitely 
nearly  in  contact,  is  (see  Maxwells  Electricity  and  Magnetising 
voL  I.  p.  275) 

1  e*  1  e* 

2  6' 


„^,_|2,  +  ^(-A-^)  +  ^(-^J| 


where  7  =  -57712, 

Tables  by  which  we  can  calculate  sfr  (x)  are  given  in  De  Morgan's 
^fferential  and  Integral  Calculus,  p.  587. 

From   these   tables  I  find   the  following  expresvsions  for  the 
work  w: 

a  =  b, 
2a  =  b. 

Now  the  process  of  aggregation  will  stop  at  the  stage  where 
»  becomes  less  than   the   kinetic   energy  of  the  system  which 

re  have  seen  at  0°  C.  =  -  where  r  =  1*4  x  10"^. 

r 


w  = 

•14^. 
a 

w  = 

1  e" 
40  a' 

w  = 

1    e^ 
1 56  a ' 
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Thus  if  a  =  lO"",  the  work  required  to  separate  a  mdecob^ 
from  an  ion  whose  radius  is  2a  is  greater  than  e^/r,  but  the  wak.j 
required  to  separate  a  molecule  from  an  ion  whose  radius  is  If 
Is  less  than  c'/r,  hence  in  this  case  the  radius  of  the  ion  cumot 
exceed  three  times  the  radius  of  the  molecule. 

If  a  =  10~^  the  work  required  to  separate  a  molecule  fromn 
ion  of  radius  2a  will  be  less  than  c*/r,  hence  in  this  case  the  ladioi 
of  the  ion  cannot  exceed  twice  the  radius  of  the  molecule,  uA 
wo  see  that  the  larger  the  molecule  the  smaller  will  be  the  ntio 
of  the  size  of  the  ion  to  the  size  of  the  molecule ;  with  very  lap 
molecules  it  is  probable  that  the  ion  and  the  molecule  are  identic^. 
The  ions  in  diiferent  gases  will  thus  not  diifer  so  much  in  si* 
as  the  molecules  of  the  gases.     Since  the  kinetic  energy  is  greats 
at  a  high  temperature  than  a  low  one  the  process  of  aggregation 
of  molecules  will  stop  at  an  earlier  stage  the  higher  the  tettt* 
pcrature,  so  that  the  ions  will  be  simpler  at  high  temperature* 
than  at  low  ones. 

22.   The  velocity  of  the  negative  ion  in  an  electric  field  is  great^^ 
than  that  of  the  positive;   the  investigation  given  above  shoV^ 
that  even  though  the  negative  ion  starts  as  a  corpuscle  and  ha*^ 
in  this  stage  of  its  existence  a  very  high  velocity,  the  duratiot^ 
of  this  stage  is  so  short  compared  with  the  life  of  an  ion  thatr 
the  high  velocity  of  the  cor|)uscle  could  hardly  affect  the  average 
velocity  of  the  ion.     Again,  if  this  were  the  cause  of  the  high 
velocity  of  the  negative  ion  as  compared  with  that  of  the  positive 
the  ratio  of  the  velocities  ought  to  depend  upon   the  intensity 
of  the  ionisation,  for  while  the  intensity  of  the  ionisation  does  not 
affect  the  dumtion  of  the  corpuscular  stage,  it  has  a  great  effect 
upon  the  life  of  an  ion,  the  weaker  the  ionisation  the  longer  the 
life  of  the  ion ;  thus  if  the  effect  we  are  considering  were  the  cause 
of  the  excess  of  the  velocity  of  the  negative  ion,  the  ratio  of  the 
velocity  of  the  negative  ion  to  that  of  the  positive  ought  to  be 
smaller  when   the   ionisation   is  weak   than  when   it   is   strong. 
■f  am  not  aware   that  any  such   result  has   been   observed.     If 
'however  the  negative  ions  behaved  like  metals  exposed  to  ultra- 
violet light  and  rapidly  lost  their  negative  charge,  which  leaving 
^^e  ion  as  a  corpuscle  soon  finds  another  home  on  a  fresh  molecule, 
^^^^  the  period  during  which  the  negative  charge  existed  as  a 
^^rpuscle  would  be  much  longer  than  if  the  corpuscle  remained 
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Ity  attJM^hed   to  the  molecule  with   which 

Bned.  and  the  peHivl  of  jUi  curpnscular  existence  would  be 

tional  U>  tlif  p«?riorl  ilurliig  which  it  existed  as  an  iuD  so 

|thi!  ratio  uf  the  vuliwity  i)f  the  negative  ion  to  that  of  the 

c  would  be  independent  of  the  intensity  of  the  ioniaatiun. 

Kbct  that  at  very  hij^h  t^rmpemtures  the  mtio  nf  the  velncity 

!  negative  ion  to  that  of  the  positive  ie  very  ranch  greater 

b  at  0°  C  is  in  favour  uf  some  Nuch  view,  for  we  shall  see  that 

1  tlie  temperature  i.s  high,  bodies,  at  any  rate  solid   bodien. 

■  diit  coqmscles  with  great  facility  ;  if  thia  property  is  gtoesessed 

B  molecules  nf  a  gas  as  well  as  of  a  sfilid  then  wc  can  easily 

luL  the  great  increase  with  temperature  of  the  ratio  of  the 

Rjty  of  the  nogative  to  that  of  the  positive  ion.     This  view 

i  also  explain  ihe  increase  of  this  ratio  wheji  the  prei«ui-e 

wrainished,  for  if  we  diminish  the  pressure  we  increase  the  time 

n  the  corpuscular  state,  since  the  number  of  molecules  for  the 

wijiusrJe  to  strike  against  is  diminished ;  on  the  other  hand  there 

K  not  seem   much   ground  for  supposing  that  when   once   a 

tousde  gets  attached  to  a  molecule,  the  period  for  which  the 

lunatioQ  iaats  should  depend  nmch.  if  at  all,  on  the  pressure 

Ihe  gas.  it  would  do  so  if  the  corpuscle  was  detached  from  the 

I  hy  the  bombardment  with  other  molecules,  but  there  does  not 

r  to  be  liny  reason  for  supposing  that  this  is  the  case,  iis 

t  phenomena  attending  the  amission  of  corpuscles  front  hot 

esseem  to  indicate  that  the  rate  of  emission  depends  uuty  ii]ion 

i  tempeniture.     We  coiiid   test  the  truth  of  this  viow  by  au 

lainHjnt   of    the    following    kind:    snppose    we  have    a    vesai-l 

;  at  the  bottom  a  little  carbonic  acid  gas,  while   the 

r  port  is  filled   with   hydrogen,  suppose   now  that   we  only 

wnii*  the  lower  layer  and  by  iiicHUS  of  an  electric  field  drive  the 

ii'^tivi:  ion  from  the  CO.  into  the   hydrogen,  if  the  corpuscle 

li  raniinually  changing  its  habitation,  then  in  the  hydrogen  the 

iK^tini:  ion  will  behave  like  a  liydmgen  ion,  while  if  the  corpuscle 

liny]),  remaiuK  attiiched  to  the  sante  molecule  the  negative  ion 

ji)!  bvhave  like  a  cjtrbonic  acid  ion.     If  we  measured  the  velocity 

1  through  the  hydrogen  we  conld  decide  ivhich  of  these 

mentfl  represented  the  fact«. 
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[n 


Diffusion  of  long, 

23.     In  addition  to  the  loew  of  ions  arisingr  from  the  nKi»ifaii». 
i'um  of  the  [Kwitive  and  negative  ions  there  will   be  a  fanher 
loBfl   due    to   the   diflfusion   of  ions   to   the   sides    of  che   veaseL 
ThiiM  H!i|)|K)He  the  ionised  gas  is  contained  in  a  mecal  vesBel.  then 
whni  tlie  !<»"«  c^''"^*  ^^  contact  with  the  sides  of  the  vezssel  their 
chnr^n'H  lire  neutralised  by  the  opposite  charge  indaced  on  tlie 
fiiPfal  and  they  thus  cease  to  act  like  ions:  the  layer  of  gas  neit 
tht'  HJdt^H  of  the  vessel  is  thus  denuded  of  ions,  which  exist  infinite 
iinnil»ei-w  in  the  gas  in  the  interior ;  a  gradient  in  the  coDcentratioD 
JM  thus  ostahliHhed  and  the  ions  diffuse  from  the  interior  to  the 
liM.imlMrv.     The  problem  is  closely  analogous  to  that  of  the  absoip- 
(JMii  mI  wnter  vaiMiur  in  a  vessel  whose  sides  are  wet  with  sulphuric 
.„.ii|      We  phnll  brgin  by  considering  the  theory  of  a  very  simple 
,.M^i\  llwil   of  ionJMrd  giis  contained  between  two  parallel  metal 
plMtr^  Ml  liybl  iuikI*^**  t<»  ♦'»^*  ^«Js  of  ^-     Let  n  be  the  number  of 
p.wiljxp   ionM   |irr  eubie  eentinietre,  q  the  number  of  ions  pr<>^ 
,|,H.ril  Im    <l»e  loinMinjL:  agt'ut  per  second  in  a  cubic  centimetr^ 
,.|    I  lip    U'»»'.    '*   <''»^   .M»oOieitMit  of  diffusion  of  the  positive  iott^ 
llM,M»oh  il»»'  »■•»*»■  *'*  '^»»'  tiumber  of  negative  ions  per  cubic  centi^ 
iMiiip    lt»»  M    ^\i^  «»ep   that    in    eonsiHjuence   of  diffusion  the  rate 
,,|  jm.  M-wv  in  iho  number  of  jvositive  ions  per  cubic  centimetre 

i.,  nju**!  Ih  /»'^^''    .*t,«uinmj^  (hat  the  surfaces  of  equal  density  of 

(Im.  ioh !  .*»♦•  |»l'Ou^-i  U  M>;l»l  anjLjIes  to  the  axis  of  x.     Thus  taking 
»tM.M»ulim«»U»«i»   'k^Ml   rsh^nuil    lonisiUion   into  account   as  well    as 

and  wlirM  ihiukjtt  i^u^  lu  a  ?aiv^vlv  mihIo. 


4«//4  »•  0, 


hot  uw  iH»UMidor  thi*  .s|KTial  ea-n^  when  the  plates  are  so  near 
to|i^'thor  that  the  Iuhh  of  ions  fixnu  vlitViisiou  feu-  exceeds  that  from 
r%Hxnubiimtioii.  then  we  havo 


i^ot-o 
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[f  ^we    take   the  plane  midway  between  the  metal  plates  as 
plane  a:  =  0,  and  if  /  is  the  distance  between  the  plates,  then 
conditions  to  be  satisfied  by  n  are  n  =  0  when  a?  =  +  f ;  the 
ition  of  equation  (1)  with  these  conditions  is 

«  =  |J(^-^)  (2). 


/: 


The  total  number  of  firee  positive  ions  between  the  plates  is 

:\ual  to 

■+/ 

ndx, 

-/ 

vdA  this  by  equation  (2)  is  equal  to 

We  see  from  this  result  how  we  can  measure  D.     For,  if  we 

cut  off  the  rays  and  apply  a  strong  electric  field  between  the 

plates,  we  shall  drive  all  the  positive  ions  against  the  plate  at  the 

lower  potential,   so   that   this  plate   will    receive    a    charge    of 

2  Q 
electricity  equal  to  -  ^  l*e,  where  e  is  the  charge  on  an  ion :  if 

this  plate  is  connected  with  an  electrometer  we  can  metisure  its 
charge,  which  will  be  proportional  to  the  deflection  S,  of  the 
electrometer.  If  the  rays  are  kept  on  and  the  field  is  intense 
enough  to  produce  the  saturation  current,  the  charge  received  by 
the  plate  in  one  second  is  equal  to  2(/fe,  hence  if  S^  is  the  deflec- 
tion of  the  electrometer  in  one  second  in  this  case,  we  see  thtit 

*n  equation  which  enables  us  to  determine  J), 

We  have  in  this  investigation  neglected  the  effect  of  reconi- 
hination ;  it  is  necessary  to  find  the  condition  that  the  plates  should 
he  sufificiently  close  together  to  make  this  justifiable.  An  ciisy 
'Pay  of  doing  this  is  as  follows :  the  total  number  of  ions  on  the 
h\*pothesis  that  the  only  source  of  loss  of  ions  is  recombination  is 


equal  to  2/  s^qa  (see  p.  16);  the  number  on  the  assumption  that 
the  loss  is  entirely  due  to  diffusion  is  as  we  have  just  seen  ^jj^f 

hence  if  -  -^  P  is  small  compared  with  21 .  /2  the  loss  of  ions  from 
3D  ^  V  a 


W&A       X^A       V«A»^ABJil 


A&Ac; 


::bnocl  18  as  follows :  ionised  gas  is 
axis  of  which  is  taken  as  the  axis  of 
z  and  being  free  from  the  action  of  a 
thn>ngh  the  tube.     Consider  the  stat 
ABGDEFGH:    this   volume   loses  i 
them  by  the  gas  entering  the  volui 


Fig.  6. 

being  richer  in   ions   than   that   leavdi 
EFOHy  when  the  gas  is  in  a  steady  si 
gain  of  ions  must  be  equal.     If  n  is  the 
centimetre,  D  the  coefficient  of  diffusioi 
gas,  the  rate  of  loss  of  ions  from  diffusioi 

d*ii     d*«      d 
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Hence  equating  the  loss  and  the  gain  we  get 

^[d^^^-^d^J^'di <i>- 

In  the  experiments  the  term  D  -r-^  was  veiy  small  compared 

with  If  J- ;   -  -J-  being  of  the  order  1/20,  v  of  the  order  100  and 
az     n  cLz 

dn 
D  about  "03  so  that  vn  was  about  70,000  times  D  -j- .      Neglecting 

(ft, 
Dj2  &iMi  taking  the  case  of  a  cylindrical  tube  of  radius  a  sjrm- 

metrical  about  the  axis 

d^     dPn  _  d*n     1  dn 
d^^d^'^d^'^rdr' 

where  r  is  the  distance  of  a  point  from  the  axis  of  the  tube.     Now 

iV 
r=-^(o*  — r*),  where   Vira*  is  the  volume  of  gas  passing  per 

second  through  each  cross-section  of  the  tube ;  substituting  these 
valutri  in  equation  (1)  and  neglecting  dHi/dz*  we  get 

dhi      Idn      iV .  ,       ,xdw     ^  ._^ 

The  cctDditions  to  be  satisfied  bv  n  are  that  n  =  0  when  r  =  a 
for  al]  values  of  ^,  and  that  if  the  ionised  gas  enters  the  tube  at 
r  =  0.  n  =  fi^  a  constant,  when  z  =  0,  for  all  values  of  r. 

To  «<»lve  this  equation  put  n  =  <f>€  *^  where  <f>  depends  only 
rpr«i  r  azyj  ^  is  a  constant  to  be  subsequently  determined ;  substi- 
Titing  this  value  of  n  in  equation  (2)  we  get 

^+l^  +  <?(a.-H)^  =  0    (H 

aH      r  dr 

P^  •  <^  =  1  +  B,  r*  +  i?^  +  B,f^  +  . . . , 

lad  w^  g^ei  £rc*m  (3) 

45,  +  ^a*  =  0, 

16B5  +  ^a«B,-^  =  0, 

36B,  +  ea*B,  -  ^JB,  =  0, 


hm  ii»r  fir^  three  terms  in  4>  ^'^ 


3 


-=*!l 


-     -    -"*•  -f    .1-. 


'    • 


■4^4., 


C-==  I 


'A-i. 


'f^    -"^    S»a*^      r- 
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The  two  smallest  roots  of  the  equation  4>  =  0  were  found  by 
TowDsend  to  be  ^,a*  =  7'313  and  O^i^  =  4456,  corresponding  to 
these  roots  we  have 

Hence  substituting  these  values  we  find  that  the  ratio  of  the 
number  of  ions  which  pass  a  cross-section  of  the  tube  at  a  distance 
I  from  the  origin  to  the  number  which  pass  through  the  tube  at 
the  origin  is  equal  to 

4  {19526'  ^^  +02436"  "^^^  +...). 

If  c,  is  the  saturation  current  through  the  gas  after  leaving  a 
tube  of  length  l^,  c,  that  after  leaving  a  tube  of  length  Z,,  then 
since  the  saturation  currents  are  proportional  to  the  numbers  of 
ions  given  to  the  gas  per  second,  we  have 

c,_1952t:'  ^'^   +02436"  ^*^'  .... 

•19526'^'^    +02436     ^^y 

^<>^  Cj/c,   can    be   determined  by  experiment,  and  hence    from 

^uation  (11)  the  value  of  D  can  be  determined.     The  method 

used  by  Townsend  to  solve  this  equation  was. a  graphical  one; 

7*31 3Z)/ 
putting  y  =  c,/cj,  a?  =  — ^-^  ^  the  curve  representing  the  relation 

(11)  between  y  and  x  was  drawn  by  calculating  a  number  of  cor- 
R*sponding  values :  when  this  curve  had  been  obtained  the  value 
of  7-31 31)/,/ 2a' F  corresponding  to  any  value  of  c^jc^  obtained  by 
txi>eriment  could  be  found,  and  hence  D  determined  Jis  I,  a  and  V 
are  known. 

The  apparatus  used  to  measure  the  value  of  c^lc^  is  represented 
ID  Fig.  7.  ^  is  a  brass  tube  50  cm.  long,  3*2  cm.  in  diameter, 
pr^H'ided  with  an  aluminium  window  W  through  which  the 
Rontgen  rays  which  ionise  the  gas  pass.  C  is  another  bniss  tube 
1^  cm.  long  fitting  accurately  into  A  and  able  to  slide  along  it. 
^  is  an  electrode  which  is  connected  to  a  metal  rod  F  passing 
^ugh  an  ebonite  plug.  A  series  of  fine  wires  were  soldered 
puallel  to  one  another  and  2  mm.  apart  across  the  end  of  the 

3—2 
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tube  C.     The  gas  entered  the  apparatus  through  the  glass  tube 
and  then  before  reaching  the  electrode  passed  through  the  tubf 


i 
11^ 


r 


'J'hese  won;  twelve  tubes  10  cm.  long  and  3  cm.  in  diamei 
armiiged  at  equal  intenals  and  all  at  the  same  distance  fr 
the  axis  ()f  the  tube  A  ;  they  were  soldered  into  holes  bo 
into  two  brass  discs  a  and  ^  which  fitted  so  closely  into  A  t 
gas  conid  not  [lass  between  the  disc  and  the  tube.  Another 
of  twelve  tubes  only  1  cm.  long  and  ■3ciu.  in  diameter  were  fu 
into  another  disc  7.  The  tube  A  was  insulated  by  the  two  ebor 
rings  R,  K.  The  pfitential  of  the  tube  wsis  raised  to  80  voltJi 
connecting  it  with  tine  of  the  tenninals  of  a  battery  of  small  stor 
ceils,  the  other  terminal  of  which  wiis  connected  with  the  eai 
The  electiixle  K  was,  connected  with  one  jiair  of  quadrants  of 
electrometer,  the  other  pair  of  i|uadrants  being  kept  to  e«i 
A  unifonn  and  measurable  stream  of  gas  waa  supplied  by 
ga-soineter,  this  gas  was  ionised  by  the  Riintgen  rays  as 
pas.Hed  through  the  tube ;  some  of  the  ions  were  k>st  by  ditFusion 
the  sides,  all  the  ]>ositive  ones  which  esciiped  were  driven  agai 
the  electrode  E;  thus  the  charge  on  the  electrometer  measui 
the  numbt-T  of  positive  ions  which  got  through  the  tubes, 
chai^ng  the  tube  A  up  negatively,  the  negative  ions  could 
driven  against  the  electrode,  and  the  number  of  those  which  j 
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through  the  tubes  determined.  After  a  series  of  measurements 
had  been  made  with  the  long  tubes,  these  were  replaced  by  the 
short  ones,  and  a  similar  series  of  measurements  gone  through. 
These  measurements,  as  was  explained  in  the  preceding  theory, 
give  us  the  data  for  calculating  the  coefficient  of  diffusion  of  the 
ions.  For  gases  other  than  air,  a  somewhat  different  form  of 
apparatus  was  used,  for  a  description  of  which  we  must  refer  to  the 
original  paper. 

The  loss  of  ions  even  in  the  narrow  tubes  is  not  entirely  due 
to  diffusion  to  the  sides  of  the  tube,  a  part,  though  only  a  small 
part,  of  the  loss  will  be  due  to  the  recombination  of  the  ions.     To 
eetimate  how  much  was  due  to  this  effect,  the  small  tubes  T  were 
removed  and  the  deflection  of  the  electrometer  observed  when  the 
tnbe  C  was  placed  at  different  distances  from  the  place  where  the 
gas  is  ionised  ;  in  a  wide  tube  such  as  A  the  loss  from  diffusion  to 
the  sides  is  negligible,  and  the  smaller  deflection  of  the  electro- 
meter when  the  electrode  E  is  moved  away  from  the  place  of 
iooisation  is  due  to  the  loss  of  ions  by  recombination.    By  making 
measurements  at  different  distances  and  knowing  the  velocity  of 
the  gas  we  can  measure  in  this  way  the  amoimt  of  recombination 
taking  place  in  a  given  time  ^d  hence  determine  the  value  of  a, 
the  constant  of  recombination.     It  was  in  this  way  that  the  values 
of  a  given  on  page  20  were  determined.     Knowing  a  it  is  easy  to 
calculate   the   loss  of  ions  from  recombination  in  their  passage 
through  the  narrow  tubes,  and  then  to  apply  a  correction  to  the 
observations  so  as  to  get  the  loss  due  to  diffusion  alone. 

The  following  tables  give  the  velocities  of  the  coefficients  of 
diflusion  on  the  C.G.S.  system  of  units  as  deduced  by  Townsend 
from  his  observations. 


Table  I.    Coefficients  of  Diffusion  in  Dry  Gases. 


Oas 

1 

D  for  +  ions 

I>  for  -  ions 

Mean  value 
of  D 

Ratio  of  D  for 

-  to  D  for 

+  ions 

Air 

Oxfeen 

•028 
•025 
•023 
•123 

•043 
•0396 
•026 
•190 

•0347 
•0323 
•0246 
•166 

1-54 
1-68 
113 
1-64 

Oarbonicacid  ... 
Hjdrogen 

Air -032 

Osjge'i 

Ciirbonic  acid   ...  ■0246 

Hjdrogpii  .... 


ihe  coefficient  of  diffiisiau  for 
for  the  positive,  the  differeiica 
in  damp  gases.  The  superior 
P9t  observed  by  Zelenv*.  who 
1  Bhortly  describe  the  velocity 
trie  field,  and  foiind  that  the 
be  positive  ones.  The  more 
explains  why  in  certain  coses 


We  See  fi-oin 
the  negative  ionau 
"being  much  more  i 
mobility  of  the  n< 
measured  by  a,  mew 
of  the  iitm  when 
negative  ions  movi 
rapid  diffusion  of  tl— 

ionised  gas,  originally  I'k-ctrically  neutral,  acqn 
[Kisitive  electricity.  Thus,  for  example,  if  snch  a  gas  is  blown 
through  metal  tubes,  the  gas  emerging  from  the  tubes  will  ht 
jxisitively  electrified,  as  in  the  passage  through  the  tubes  it  ha; 
lost  more  negative  than  positive  ions.  Zeleny  {he.  ct't.)  has  showr 
that  this  effect  does  not  occur  with  carbonic  acid  gas  in  which  th) 
velocities  of  the  two  ions  are  very  nearly  equal.  Some  experi 
ments  made  by  Rutherford  f  seem  to  show  that  in  addition  to  thi 
eff«et  produced  by  diffusion,  there  is  a  si>ecific  effect  due  to  thi 
metal,  as  he  found  that  the  e-tcess  of  positive  over  negative  ion 
was  greater  when  the  ionised  gjis  pa-ssed  through  zinc  tubes  thai 
when  it  passed  through  cojtper.  The  difference  in  the  rate  o 
diffusion  of  the  positive  and  negjitive  ions  causes  a  certain  amoun 
of  electrical  sejiaration  to  take  j)lace  when  a  gas  is  ionised ;  as  thi 
negative  ions  diffuse  more  rapidly  than  the  positive  ones,  thi 
region  where  ionisation  takes  place  will  have  an  excess  of  positiv 
ions  and  be  positively  electrified,  while  in  consequence  of  thi 
diffusion  of  the  negative  ions  the  surrounding  regions  will  have  ai 
excess  of  these  ions  and  will  therefore  be  negatively  electrified. 

■  Zelenj,  Phit.  Mag.  v.  iG,  p.  120,  1898. 

t  Rutherford,  rhU.  Mag.  i.  43,  p.  241,  1897. 
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The  results  given  in  Tables  I.  and  II.  show  that  the  excess  of 
the  velocity  of  diffusion  of  the  negative  ions  over  that  of  the 
positive  is  much  greater  when  the  gas  is  dry  than  when  it  is 
moist;  the  effect  of  moisture  on  the  velocity  of  diffusion  is  very 
remarkable,  the  results  quoted  in  the  table  show  that  with  the 
exception  of  ions  in  carbonic  acid  (where  there  is  but  little  differ- 
ence between  the  velocities  of  diffusion  of  positive  or  negative  ions 
in  either  wet  or  dry  gas)  the  effect  of  moisture  is  to  produce  a 
very  considerable  diminution  in  the  rate  of  diffusion  of  the  negative 
ions,  while  on  the  other  hand  it  tends  to  increase  the  rate  of  dif- 
fusion of  the  positive  ions,  though  the  change  produced  in  the 
positive  ions  is  not  in  general  as  great  as  that  produced  in  the 
negative.  We  shall  see  later  on  that  water  vapour  condenses 
more  readily  on  negative  ions  than  on  positive  ones,  so  that  it  is 
probable  that  the  negative  ions  in  a  damp  atmosphere  get  loaded 
with  moisture  and  so  are  retarded  in  their  movements  through  the 
surrounding  gas. 

The  preceding  experiments  relate  to  ions  produced  by  the 
Bontgen  rays.  Townsend  *  subsequently  applied  the  same  method 
to  the  determination  of  the  coefficients  of  diffusion  of  ions  pro- 
duced by  radio-active  substances,  by  ultra-violet  light  and  by 
discharges  from  electrified  needle  points;  the  results  of  these 
experiments  are  shown  in  the  following  table. 

Coefficients  of  Diffusion  of  Ions  produced  in  Air  by 

different  methods. 


*#     1.1_      J 

Dry  Air 

Moist  Air 

Method 

+  ions 

-  ions 

+  ions 

■ 

-  ions 

Rontgen  rays   

Radio-active  substances . . . 
Ultra-violet  lieht 

•028 
•032 

•0247 
•0216 

•043 
•043 
•043 
•037 
•032 

•032 
•036 

•028 
•027 

•035 
•041 
•1)37 
•039 
•037 

Point  Discharge  

From  these  numbers  we  conclude  that  the  ions  produced  by 
ontgen  rays,  by  radio-active  substances  and  by  ultra-violet  light 


Townsend,  Phil  Trant.  A,  195,  p.  259,  1900. 
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are  idontical,  a  conclusioa  which  we  shall  find  confirmed  by  seva 
other  courses  of  reaaoning. 

Townsjcnd*  also  investigated  the  coefficients  of  diffuaion  of  io 
produced  by  radio-active  substances  at  a  series  of  pressures  rangii 
from  772  miilimetree  of  mercury  to  200  mm.  and  found  that  with 
this  range  the  coefficient  of  diffusion  was  inversely  proportional 
the  pressure ;  the  Kinetic  Theory  of  Gases  shows  that  this  wou 
be  true  in  a  system  where  the  diffusing  systems  do  not  chan 
char.icter  with  t  is  result  holds  for  ions  we  cc 

elude  that,  down  t  least  200  mm.  the  ions  dor 

change.    W'l'  shn  low  pressures  the  negative  it 

are  very  mmrh  si  e  high  pressures. 

25.     1 1  is  of  -e  the  rates  of  diffusion  of  i( 

through  a  g;ts  ?  molecules  of  one  gas  throt) 

auothei'.     In  the  ken  from  Winkelmann's  Hm 

buck  tier  I'ln/sih,  17,  the  coefficients  of  diffiiB 

into  each  other  fo.  _,™  .,„..,  ^  irbonic  stcid,  and  carbonic  oxi 

aixi  for  some  vapours  are  given  ;  it  ajjpears  from  the  table  t! 
tlte  gases  diffuse  very  much  moiT  quickly  than  the  ions,  but  t) 
thLTi!  are  vapouiis  whose  coefficients  of  diffusion  are  of  the  sa 
(nJor  ;is  those  of  the  ions. 


< 

- 

-m: 

Ha 

-(;u, 

o.i..-=/««c. 

(i 

■^ 

1) 

Gas 

\,J,. 

ether 

1 

■1343;) 

H.,- 

-0, 

■GGr,,->0 

is..l.utj- 

■Vh. 

■13.56!) 

H:!- 

-ftir 

■G3405 

amide 

■.■i340!» 

etlier- 

~H,, 

■2)« 

•04:2( 

■1777« 

ether- 

-air 

■"'"■'* 

— t'Oj 

:  -03a- 

If  the  ion  consisted  of  a  single  molecule  carrving  a  charge 
electricity  we  could  find  by  the  principles  of  the  Kinetic  Theory 
Gases  the  rate  at  which  the  ions  would  diffuse  through  a  giis.  1 
coefficient  of  diffusion  of  Z>,._.  of  a  ga.s  A  through  another  gas  £ 
given  by  the  equation 

As  =  ^{N,Lsi,  +  JV,/„n,)■^, 

*  TownBend,  Phil.  Tram.  A,  193,  p.  269,  i!M». 

t  Hee  O.  E.  Meyer,  Kinttiteht  Tbeorie  der  Qair.  2nd  Edition,  p.  261, 
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where  Ni,  N^  are  the  number  of  molecules  per  unit  volume  of  A 
miB,N=Ni-^ Ni :  n^,  H,  the  average  velocities  of  the  molecules 
of  i  and  B  respectively,  Ij^,  Z,  the  mean  free  paths  of  these  mole- 
cules through  the  mixed  gases.  In  the  case  when  one  of  the  gases, 
say  Ay  consists  of  ions,  Ni  will  be  infinitesimal  compared  with  N^; 
putting  iV,  =  0  we  have 

now  if  the  ion  is  a  single  molecule,  fli  will  be  equal  to  the  mean 
velocity  of  the  molecule  of  a  gas,  and  if  the  charge  does  not  affect 
the  length  of  the  mean  free  path  L^  will  be  the  mean  free  path  of 
the  molecules. 

For  hydrogen  at  atmospheric  pressure  and  0°  C.  i  =  1*8  x  10~', 
0=1*7x10*,  hence  /)„  would  be  1*2:  the  actual  value  for  the 
positive  ion  is  as  we  have  seen   123. 

For  oxygen  L  =  102  x  10-»,  ft  =  425  x  10»,  hence  As  =  17  :  the 
value  for  the  positive  ion  is  *025. 

For  CO2  X  =  -65  X  10"*,  XI  =361  x  10»,  hence  A,  =  092:  the 
value  for  the  positive  ion  is  023.  -t^ 

Thus  in  all  these  cases  the  value  of  Dja  is  considerably  greater 
tkan  the  velocity  of  diffusion  of  the  ions,  hence  we  conclude  that 
one  or  both  of  the  assumptions  that  the  mass  of  the  ion  is  the 
same  as  the  mass  of  a  molecule,  and  that  the  charge  does  not 
affect  the  free  path  must  be  erroneous.  We  shall  return  to  this 
point  when  we  consider  the  velocity  with  which  an  ion  moves  in 
an  electric  field. 

The  most  probable  explanation  of  the  slow  diffusion  of  the 
ions  seems  to  be  that  the  charged  ion  forms  a  nucleus  round 
^hich  the  molecules  of  the  gas  condense,  just  as  dust  collects  round 
a  charged  body,  thus  producing  a  complex  system  which  diffuses 
slowly:  this  explanation  is  supported  by  the  fact  discovered  by 
M^lelland*  that  the  coefficients  of  diffusion  of  the  ions  in  the 
flame  gases  depend  very  much  on  the  temperature  of  the  flame 
and  the  distance  of  the  ions  from  it;  a  comparatively  small 
lowering  of  temperature  producing  a  great  diminution  in  the  rate 

*  M«GleUaiid,  Caiii6.  Phil,  Soe.  Proc,  x.  p.  241,  1S99. 
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to  Xen,  hence  if  u  is  the  average  velocity  of  translation  of  the 
ions  parallel  to  the  axis  of  x 

ti  =  Xen  — . 
P 

Now  n/p  is  the  same  for  all  gases  at  the  same  temperature, 

hence  if  JV  is  the  number  of  molecules  of  air  in  a  c.c.  at  this 

temperature  and  at  the  atmospheric  pressure  E,  since  n/p  =  N/n, 

we  have 

u  =  XeD  lY , 

or  V,  the  velocity  of  the  ions  in  a  field  of  unit  intensity  is  given 
hy  the  equation 

Thus  v^  is  directly  proportional  to  Z),  so  that  a  knowledge  of 
one  of  these  quantities  enables  us  at  once  to  calculate  the  other. 

27.  Measurements  of  the  velocity  of  the  ions  under  an 
electric  field  were  made  some  time  before  those  of  the  coeflScients 
of  diffusion.  The  earliest  systematic  measurements  of  the  velocity 
of  the  ions  in  an  electric  field  were  made  in  the  Cavendish 
laboratory  in  1897  by  Rutherford*.  Two  different  methods  were 
iwed  in  these  experiments.  The  first  method  is  as  follows: 
suppose  that  the  current  is  passing  through  ionised  gas  between 
two  parallel  plates  A  and  B ;  then  if  there  are  n  positive  ions  and 
«  negative  ions  in  each  cubic  centimetre  of  the  gas  and  Wj ,  xi^  are 
respectively  the  velocities  of  the  positive  and  negative  ions,  the 
current  t  passing  through  each  unit  area  of  cross-section  between 
the  plates  is  given  by  the  equation 

where  e  is  the  charge  on  an  ion.  Now  i  can  easily  be  measured  if 
one  of  the  plates  A  is  connected  to  one  pair  of  quadrants  of  an 
electrometer,  the  other  pair  of  which  is  connected  to  earth,  and 
il  the  other  plate  B  is  connected  to  one  terminal  of  a  battery  of 
known  electromotive  force,  the  other  terminal  of  which  is  to 
earth.    For  if  the  quadrants  are  at  first  connected  together  and  i 

then  disconnected,  i  will  be   the   charge  communicated  in  one  ' 

second  to  the  plate  connected  with  the  electrometer. 

•  Baiherford,  Phil.  Mag.  v.  44,  p.  422,  1897. 
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Tho  valiii  of  iw  can  be  determiBed  in  the  following  wb) 
;ifuT  the  i-it.-.  has  been  exposed  to  the  looisbg  agi-nt,  sa 
Foiitgfii  niy-,  sufficiently  loog  for  It  to  get  intw  a  stead 
statf,  thf  m\-s  are  snddenlv  cut  off,  and  simull«neoiisly  wit 
the  extiiKiian  uf  theTnjs  a  large  electromotive  force  is  sudden! 
.■'wiicht'ii  on  Wttrerai  the  plat«8;  then  it  B  is  the  positive  plaUe 
the  [K'sitive  ions  between  the  plates  are  driven  against  the  pis' 
A  IvliTf  thtv  have  time  to  rwombine  with  the  negative  ioii3,M 
thus  J   ivc'jM-s  Mqiial  to  that  on  the  wholif 

tlio   [h'siii\o   JL-n  alt's,  i.e.  each  unit  area  of 

ivit'ivi's  i\  ohirj  icity  equal  to  nle,  where  /  ia  ll 

iiistiiiu'.'  li-tftL-ei  charge  can  be  measured  bytl 

(.'ioi.TriiTiictor  .  le  Since  i  =  n  (M|  +  «i)  e,  we  havti 


r  ■■ 


.-(1), 


:\  ivhui.'d  whi.'h  ermine  U|  +  u,-    Now  let  £ 

the  |>oi.'titi^il  <lif)  Itfl  plates  when  the  eorrent  ii 

Then  »,  -^  II,  I-  tnt'  sum  oi  rnc  vetocilies  of  the  ions  when  1 
I'hrtrio  iiiU'ii^ity  is  E  /  :  hence,  since  as  we  sh;iil  see  the  veloc 
oi  ;ui  inn  is  pr..|»irliiinal  to  the  electric  intensity,  the  sum  of  t 
velocities  i<\'  the  ^msitivo  and  negative  ions  when  the  elect 
intensity  is  unity  is  ('*,  +  lu)  I  A",  or  N  K'/.  For  this  meth.jd 
give  iiccimite  results,  the  ionis:iti..n  aiul  the  electric  field  must 
unil'ortn  K-iweeii  the  jilates :  this  condition  n'quires,  iis  the  inve^ 
giition  in  Chajiter  III.  shows,  that  the  cuvrent  should  be  so  sm 
that  the  comliictioTi  is  in  the  st;ige  represented  by  the  fi 
piirt  of  the  cnr^e,  Fig.  4,  when  the  curve  is  straight  and  t 
current  is  piojinrt lonal  to  the  electric  intensity.  Again,  when  I 
ionisatinn  is  lumluced  by  Rontgeii  niys  or  the  rays  from  u.  nui 
active  substance,  the  rays  should  be  arranged  so  that  they  yn 
tiingentially  between  the  [»iates  and  do  not  strike  against  thei 
the  re;i.s.in  i;.r  this  priTaution  is  that  when  the  niys  strike  agiiii 
a  metallic  siirthce,  there  is  an  abnorniallv  great  itmisatiun  oft 
gas  close  t()  the  surface  of  the  plates  and  the  ionisation  betwe 
the  plaU's  is  not  uniform. 

The  vahies  tor  the  sum  of  the  velix^ities  of  the  positive  a 
nt'giitive  ions  under  a  potential  gradient  of  one  volt  per  centime) 
obtained  by  Rutherford  by  this  method  are  given  in  the  followii 
table. 
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Gas 

Sum  of  velocities 
of  +  and  -  ions 

Gas 

Sam  of  velocities 
of  +  and  -  ions 

Hydrogen    

Oiygen    

Nitroeen 

10     cm./8ec. 
2*8  cm./sec. 
3*2  cm./sec. 
3*2  cm./sec. 

Carbonic  acid 

Sulphur  dioxide... 

Chlorine 

Hydrochloric  acid 

2*15  cm./sec. 

•99  cm./sec. 

2       cm./sec. 

2*55  cm./sec. 

Air 



In  these  experiments  the  gases  were  not  specially  dried. 


28.  The  method  in  this  form  can  only  be  used  when  there  is 
a  considerable  volume  of  gas  between  the  plates  and  when  the 
ionisation  is  large,  in  other  cases  the  deflection  of  the  electrometer 
obtained  when  the  large  electromotive  force  is  applied  between  the 
plates  is  so  small  that  accurate  determinations  of  q  are  not  possible ; 
thus  if  the  distance  between  the  plates  is  3*2  cm.  we  see  from 
equation  (1)  that  the  deflection  of  the  electrometer,  when  the 
large  electromotive  force  is  applied,  is  only  that  produced  in  one 
second  by  the  steady  leak  caused  by  a  potential  difference  of  32 
volts  between  the  plates ;  this  with  a  fairly  sensitive  electrometer 
and  not  very  weak  ionisation,  would  often  not  exceed  2  or  3  scale 
divisions,  while  the  percentage  error  with  such  small  deflections 
would  be  very  large.     I  have  used  a  modification  of  this  method 


Earth 


Earth 


EJectrometer 


Earth 


Fig.  8. 


which  is  not  subject  to  these  disadvantages.     The  arrangement 
is  represented  diagrammatically  in  Fig.  8.     C  is  the  plate  con- 
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iiected  with  ilir  i-lectrometer ;  it  is  proWded  with  a  guard  ringai 
iis  t"  nv'iici  iliHii.'ulties  connected  with  irregularitiea  in  the  eleeCric 
fii.ld:  this  ]ilaii'  is  placed  between  two  parallel  plates  ji  and  B 
and  the  whnlr  Rgion  botween  A  and  B  is  exposed  to  the  ionising 
agent.  Thf  i)l:Lt.08  are  adjusted  so  that  the  rate  of  leak  to  the 
]ilati'  C,  whin  A  is  charged  to  a  potential  V  and  B  connected 
with  ivirth.  is  the  same  as  that  to  C,  when  B  is  charged  to  the 
[Mitcntial  rjinil  A  ia  coiiDecte<l  with  earth. 

-4  is  cciniiccted  a  high  resistance  OH  which  is 

tnivcfsed  by  the  c  voltaic  cell  F,  H  is  conneeted 

with  earth,  and  by  t  of  attachment  E  the  platt-  A 

can  Iw:  nii^'d  to  a  i  zero  up  to  the  electromotive 

iorce  of  the    liiitt€  positive  pole   of  the  battery 

}iisiti\i>  electricity  i  plate  C  (this  plate  is  initiall) 

connected  with  ea)  utcd  with  the  eai-th  through' 

large  resistance  ft  ouclied  at  regular  intervals  b; 

i»  rotating  bi  ush  w  fop  a  very  short  time  wiUi  tfc 

negiitive  tenninal  oi  a  lar^e  oattcrv  of  small  atoi-ngc  odls  tb 
other  tonniiial  of  which  is  t.j  I'jirth.  The  contiict  lasts  lun 
enough  for  t\\v  electric  field  t^o  drive  all  the  negivtive  ions  betwee 
B  and  C  on  tJi  the  plate  C,  but  not  long  eTinngh  for  any  appn 
ciable  qnaiitity  of  fresh  ions  to  be  pi-oduced  while  the  field  is  oi 
The  plate  0  is  thus  receiving  positive  ions  fiimi  one  side  an 
negiitive  from  the  other,  and  by  moving  tlie  point  E  about  we  ca 
make  the  positive  charge  balance  the  negative  so  that  there  is  ii 
deflection  of  the  clectninietei'.  When  this  is  the  case  we  ca 
easily  prove  by  the  same  reasoning  as  befoi-e  that  "i  + 1\,  the  sui 
of  the  veh-cities  of  the  ]}<isitive  and  negative  ions  when  th 
|)i-)tentiat  difference  between  the  plates  A  and  C  is  equal  to  tht 
Ix'tw-een  E  and  H.  is  erjual  to  ml.  wliere  (  is  the  distiince  betwoe 
the  plates  /*  and  ('.  and  m  is  the  number  of  cont^aets  per  si-con 
made  by  the  rotatinf,^  brush  with  ^'.  As  in  this  cjise  the  exper 
nient  niav  be  maile  to  hist  while  a  large  number  of  contiicts  iiccu 
the  method  is  iimch  mnn^  sensitive  tJian  when  only  one  contact  i 
made. 

Tu  prevent  tlie  iRjtential  uf  (.'  changing  ai)preciably  in  th 
interval  between  the  contacts.  C  is  connectetl  with  one  of  th 
plates  of  a  iwindlel  plate  condenser  of  large  capacity.  When  th 
final  test  is  miwlc  as  to  whether  C  has  or  has  not  received  a  charg 
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the  plates  of  the  condenser  are  pulled  apart  so  as  to  diminish  its 
capacity  and  thus  increase  the  deflection  of  the  electrometer  due 
to  any  charge  that  might  be  on  the  plate  C,  Care  must  be  taken 
to  allow  sufficient  time  to  elapse  between  successive  contacts  at  8 
to  permit  of  the  gas  getting  into  a  steady  state  before  the  next 
contact  is  made.  When  the  ionisation  is  very  weak  it  may 
require  an  interval  of  several  seconds  for  this  condition  to  be 
fulfilled. 

29.    Another  method  used  by  Rutherford*  is  represented  in 
Fig.  9.    Two  large  metal  plates  A  and  B  were  placed  parallel  to 


To  Battery 
of  ceils 


Fig.  9. 


one  another  and  16  cm.  apart  on  the  insulating  blocks  C  and  D. 
The  Rontgen  rays  were  arranged  so  as  to  pass  through  only  one 
half  of  the  gas  included  between  the  plates,  thus  no  direct  radia- 
tion reached  the  air  to  the  lefl  of  the  line  EF  which  is  half-way 
between  the  plates.    The  plate  A  was  connected  with  one  terminal  of 
a  battery  of  a  large  number  of  small  storage  cells  giving  a  potential 
diflference  of  220  volts,  the  other  terminal  of  the  battery  being  con- 
nected with  the  earth.    The  plate  B  was  connected  through  a  contact 
lever  LM,  mounted  on  an  insulating  block,  to  one  pair  of  quadrants 
>f  an  electrometer,  the  other  pair  being  connected  with  the  earth. 

•  Rntherford,  PhiL  Mag,  v.  44,  p.  422,  1897. 


4H  FBOPorinB  or  a  ckAd^  [n 

A  |M'fKliiIiJminteiTUpterwa»arraiigwi«>affa«it-HMlce  tike  cnnent 

in    l\w   primary  of  the  indactioii  coil  ^mhi  s*>  prodnce  tiie  i»y», 

\.\wu  afll^T  a  known  interval  to  break  citie  gkrov^^cr  curuit  by 

kfiorkiriK  away  the  lever  ZJT,  and  rfnen  ts#>  Ic^ak  *be  ban^^  dnrait 

flhnrl.ly  afl/<'rwarrJH.    iV  is  a  condenser  cixmecwrd  v-  ii>e  cJeccrometer 

(.11  iiirn'iw«<'  itH  capacity.     With  ths  arranqs^nes:!  ii>e  >:«is  have  to 

Imvnl  nvi^r  a  (liHtanw;  of  8  cm.  befisre  Aey  rtarfi  ii>e  piai^  A  and 

(III!  nU\rvt  nf  Uh?  (;xi>eriment  was  to  find  zhx:  zubft  tictr3f*id  by  the 

iMV»  in  piiMHifiK  ov(!r  thi«  distance.      It  was  >>cLz>i  lisai  thei^  was 

iiiilv  M  vi«ry  Minall  deflection  of  the  ekccpjcnefer  whezi  tie  interval 

lirl  wiMMi  piiM inK  **"  ^'^^'  ^y^  ^^  breaking  the  efccirv«aet«T  ciirruit 

wiiM  li«HH  lluMi    'M  wk;.,  but  when  the  interval  exc^^ded  tliis  value 

I  III.  ilrfliuHiMii  of  i\w  f'lijctroineter  increased  rapidly.     Tlins  'S6  sec. 

tVfiM  (iiltnfi  HM  IIm'  liirM'  required  for  the  ions  to  pa^  over  a  distance 

h(  M  I  III   Hiiilnr  II  potmtial  gradient  of  220  16  v«>Its  per  cwtimetre. 

Till..  M.MPM|M.fHlH  I/O  a  v(;lr>city  1*6  cm.  sec.  6>r  the  gradient  of  a 

nill   iM't  iH'iiliim'Irr,  an<l  no  difference  was  detected  between  the 

u  liu  lll»'»t  of  I  ho  poMJtivo  and  negative  ions.     This  make$  the  snm 

1.1  ihf  mIomIiow  of  t.lio  |M>Hitive  and  negative  ions  inairondera 

liMlinliMl   jiiihIh'IiI    of  a    volt  a  centimetre  equal  to  3*9  cm.  sec., 

uliiili  Im  o^.mII.v   Iho  vi'locity  found  by  Rutherford  using  the  fir^ 

110      'I'Ih'  dilloioiiro  l»otwo(;n  the  velocities  of  the  positive  and 
iiiin<ii^«     jMiiM    wiiM  diMrovrro<l   by  Zeleny*,  who  has  made  verv 
.  mImmMi    ill  IniiMiiinlioiiM  of  tlio  velocities  of  the  ions  in  an  electric 
/I,  1,1       IIm    mioIImhI  hy  vvliirh  he  discovered  the  difference  of  the 
. »  liH  tiM  'I  »v.i»i  liy  lliMlifig  iho  oh»r:tric  force  required  to  force  an  ion 
M|nij»i.ii    M  ohomn  of  ^liH  moving  with  a  known  velocity  parallel 
Im  iIm    Immm  o|   ihriiir  i'ttivA'.     Thus  suppose  A  and  5,  Fig.  10, 
frjiM  •>«  ol  I  wo  |iMiiillol  \i\iiU'M  ttuuUi  of  wire  gauze  and  that  between 
llir.ir   jihiliM   wo   \m\r  n  Htriitum   of  ionised  gas,  let  the  gas  be 
moving  •hioii^h  rhr  |ilat<'H  from  A  to  B  with  the  velocity  F,  and  let 
Mmi  |»/iI<  nihil  ^^iiitlti'iil  hotwron  the  plates  be  n  volts  per  centimetre 
//  \u  tii^f  l\ti'  pohil.ivo  \AiiUi.    Then  if  the  velocity  of  the  positive  ion 
r»n/|/r  u  pohiitia!  grfwli<;nt  of  1  volt  per  centimetre  be  u,  the  velo- 
f'lty  of  ih*^  |Kmitiv<?  ion  in  the  direction  from  B  to  A  is  nu—  Fand 
thiM  m  prr»{Kirtional  U)  the  number  of  ions  giving  up  their  charges 

•  Zeleny,  PhiL  Mag,  ▼.  4«.  p.  180,  1898. 
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to  ^  in  unit  time.    Suppose  now  that  we  make  B  the  negative 
plate,  then  if  the  potential  gradient  between  the  plates  is  n'  volts 


A    i< 


V    » 


u 

<  4C 


"^IF^ 


B 


Fig.  10. 


per  centimetre  and  the  velocity  of  the  negative  ion  under  a 
potential  gradient  of  1  volt  per  centimetre  is  v,  the  velocity  of  the 
negative  ion  from  B  to  A  is  ti'v  —  V,  and  this  is  proportional 
to  the  number  of  negative  ions  giving  up  their  charges  to  A 
in  unit  time.  If  we  adjust  the  potential  gradients  so  that  the 
rate  at  which  A  receives  a  positive  charge  when  B  is  positive  is 
equal  to  the  rate  at  which  it  receives  a  negative  charge  when  B  is 
negative,  we  have 


or 


u 

V 


n 
n 


Thus  from  the  measurement  of  the  potential  gradients  we  can 
determine  the  ratio  u  :  v. 

The  apparatus  used  by  Zeleny  for  carrying  out  this  method  is 
shown  in  Fig.  11.  P  and  Q  are  brass  plates  9  centimetres  square. 
They  are  bored  through  their  centres,  and  to  the  openings  thus 
made  the  tubes  R  and  8  are  attached,  the  space  between  the 
plates  being  covered  in  so  as  to  form  a  closed  box  ;  K"  is  a  piece  of 
vrire-gauze  completely  filling  the  opening  in  the  plate  Q ;  T  \a  an 


1%.  u. 

ifsKCGvoKfiier  £.  A  piii^  ^  gifts- vw3il  G 
ik  ^exmrn.  c£  c^  w^ae&  essseR  tW  vessel  b 
h  i^r  Fz  iftis  pts^  kais  jIso  tW  dfisct  of 
A?v  of  tW  g^fts  imxJcni  across  die  sect 
Rte^l^nft  njs  to  ioBKe  tW  g»  are  prodo 
balb  aad  coS  beii^  in  a  lead-covered  box  fi 
wiHkw  UinMi^  wbkliilie  laTS  passed,  i 
p4e  of  a  iMinm*  of  celk.  and  P  and  die  oi 
€\>iiiiect«d  witb  eartk  Wken  the  laTS  an 
ions  are  tiaivUiiig  in  opposite  directioiis  i 
tber  giT^  to  P«  Q  and  K  are  conducted  to 
give  to  7*  giadualhr  change  its  potoitia 
umfiMm  iate>  as  long  as  this  potential  is  sn 
of  Q,    Wh«n  the  distriboti*^'- 
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light  lines,  but  that  there  ia  a  curved  portion  to  the  left  of  B,  in- 
atiug  that  some  ions  are  delivered  up  to  the  gauze  under  smaller 
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8  than  we  should  expect.     This  may  possibly  be  explained 

I  irregularities  in  the  air  blast,  the  deflectiouB  correaponding  to 

Mportofthecun-e  about  ^  arriving  in  the  lulls  of  the  blast.     Oue 

h  of  tnaatiiig  the  observations  would  be  to  produce  the  straight 

ptioD  of  the  curves  until  they  cut  the  horizontal  axis ;  io  the 

c  this  would  happen  for  Curve  I.  at  about  50  volts  and  fur 

(  II,  at   about  60 ;   we  might  then  take  50  volts  as  the 

wntial  difference  between  the  plates  which  would  give  to  the 

"•■eative  ions  a  velocity  equal  to  that  of  the  blast,  while  60  volts 

"I'lild  be  required  to  give  the  same  velocity  to  the  positive  ions, 

glhat  under  fields  of  equal  strength  the  velocity  of  the  negative 

f  would  be  to  that  of  the  positive  as  6  to  5.   The  method  actually 

I  different;    the  curves  were  regarded  as  merely  a 

Bmiruuy  part  of  the  experiment  indicating  about  the  values  of 

■putential  differences  to  employ  in  the  final  observations.     Thus 

B  the  curvps  io  Fig.  12  it  is  clear  that  to  get  the  game  deliec- 

\  with  the  positive  ions,  as  is  got  with  the  negative  ions  for  a 

jntial  difference  of  60  volts,  would  require  a  potential  difference 

Iween  72  and  74  volts ;  a  careful  series  of  measurements  with 

^oes  of  potential  between  these  values  is  taken  and  the  true 

4—1 


..^  ocLual  potential  gra 
tion  applied  for  the  want  of  unifon 
about  2  per  cent.     The  results  o 
the  following  table. 

Ratio  of  Veloci' 


Air 

Oxygen 

Nitrogen    

Hydrogen 

Coal  gas 

Carbon  dioxide 

Ammonia 

Acetylene 

Nitrogen  monoxide . 


Thus  acetylene  is  the  only  gas  in 
negative  ion  is  less  than  that  of  the  [ 
ence  is  so  small  that  it  is  within  the  li 
ment.  The  gases  in  this  experimeni 
we  have  seen  that  moisture  has  a  g 
velocity  of  the  negative  ion. 
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[Btraight  portions  of  the  Curves  I.  and  II.  cut  the  horizontal 
n  deduce  the  velocity  of  both  the  positive  and  negative 
I),  but  it  had  to  be  abandoned  owing  to  the  disturbance  in  the 
ibntion  of  the  velocity  of  the  blast  caused  by  the  wire-gauze 
in  this  method  has  to  be  used  for  the  electrodes. 
The  theory  of  the  method  finally  used  is  as  follows.  A  stream 
of  gns  flows  between  two  concentric  metal  cylinders  which  are 
kept  III  different  potentials,  the  gas  at  one  place  is  traversed  by 
ibeam  ofRontgcn  rays  at  right  angles  to  the  axis  of  the  cylinder; 
the  inns  thus  produced  are  carried  by  the  stream  of  gas  parallel 
to  the  alia  of  the  cylinder,  while  a  velocity  at  right  angles  to  this 
«iK  is  imparted  to  them  by  the  electric  field.  Let  CC,  Fig.  13, 
represent  a  section  of  the  outer  cylinder,  LB  that  of  the  inner  one, 


n  the  beam  of  Rontgeu  i-ays  iouiaiug  the  gaa.     If  CC  is  at 

igher  potential   than  DB,  then  a  positive  ion  starting  from 

fill   move   along  a  curved  path  between  the  cylinder,  finally 

inner  cylinder  at  a  point  K  whose  horizontal  distance 

t  if  is  one  of  the  (juaotities  measured  in  these  experiments. 

■distAnce,  X,  can  easily  be  expressed  in  terms  of  the  velocity  of 

1  under  unit  electric  force.     For  let  b  and  a  be  respectively 

idiiofthe  outer  and  inner  cylinders,  A  the  potential  difference 

Q  the  cylinders,  then  the  radial  electric  force  R  ata  distance 

I  tb«  common  axis  of  the  cylinder  is  given  by  the  equation 

A        . 


it  = 


Thus  it  r  is  ihe  vtlacily  of  the  ions  nnder  unit  electric  force. 
r'n  :he  *asniupr.^«»  klat  the  nlod^  is  proportional  to  the  elecde 
•Vrw  we  h»Te  ::  V  m  the  ndial  rdocity  of  the  ion  at  a  distonn 
r  rrv'm  Th<  asif  '-f  tbe  ^linden. 

At 


r=:- 


rlog.(6/a)- 

I;"  :■  i~iho  wLoityof  thegasponUd  to  the  axis  uf  iJie  cylimiai^ 
which  wv>  shall  mV  "  "  "'"  "~"  '  ,  the  differential  equation  tt 
;ho  iM:h  of  th^  :  q 


b)k 


ht-n..v  .V  the  horia  a  d  at  wfak^  Uta  ion  sbftiA 

;ho  i'.iiior  ertindtri  fttaoo 

,  ft 


N,>w  -J-      '.-:!'■  is  tho  vohimo  of  gas  which  passes  in  unit  time 

K;«,\n  ;ho  cviiiKltr^.     AW  shall  ilenott  this  quantity,  which  is 
oa,<r,v  in.asuna  by  Q.  ihon  we  have 


..(1). 


'rims  it'  «,■  know  -V  ivf  «in  easily  determine  r.  The  time  T 
takoii  bv  ihe  inn  to  juss  t'rvMn  one  cvlinder  to  the  other  is  givet* 
by  tho  iitn;ition 

,      ;',lr      los.d.i)/''     , 

-'''-r <^>' 

These  equations  apply  to  ions  starting  from  the  inner  snrfece 
«f  *k,  noter  cylinder.     In  practice  the  production  of  ions  is  not 
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ined  to  the  surface  of  the  cylinder  bnt  extends  throughou' 
liyer  db  reaching  from  one  cylinder  to  the  other.  The  ions 
]^  start  from  a  point  in  (H.  nearer  to  the  surface  of  the  inner 
ider  than  rf,  will  evidently  not  be  carried  so  far  down  the  tube 
■Ihe  stream  aa  an  ion  starting  from  d.  Thus  the  preceding 
■tions  give  UB  the  position  of  the  furthest  point  down  the  inner 
[ider  which  is  reached  by  the  ions.  In  order  to  determine  this 
Bt  the  inner  cylinder  is  dinded  at  K  into  two  parts  insulated 
tch  other,  the  part  D  to  the  left  being  connected  with  the 
kh,  while  the  jMirt  B  to  the  right  is  connected  with  one  pair  of 
idnntfi  of  an  electrometer.  If  a  constant  stream  of  gas  is  sent 
l»een  the  cylinders,  then  when  the  potential  of  CC  is  above 
pertain  value,  ail  the  ions  from  the  volume  dd  which  move 
9  will  reach  DB  to  the  left  of  K  and  will  not  affect  the 
mrometer.  By  gradually  diminishing  the  potential  of  CC  we 
hch  a  value  such  that  the  ions  starting  from  the  outer  edge  of 
raich  DB  just  to  the  left  of  K  ;  when  this  stage  is  reached  the 
meter  begins  to  be  deflected.  If  then  in  equation  (1)  we 
ifurA  the  difference  of  potential  corresponding  to  this  stage 
d  for  X  the  horizontal  distance  of  K  from  d,  we  shall  be  able 
■dduce  the  value  of  v. 

1  Corrediona.  In  consequence  of  the  difl'usion  of  the  ions,  ail 
'*P  inns  starting  from  d  will  not  follow  exactly  the  line  dK,  and  some 
"f  the  ions  will  be  found  to  the  right  of  the  line.  The  consequence 
"f  ihla  ia  that  the  electrometer  will  begin  to  be  deflected  even  when 
'^''  p<.itential  difference  A  is  theoretically  sufficient  to  bring  all 
'iw  iou«  to  the  left  of  K ;  thus  the  observed  [wtential  difference 
"Hcii  the  dettections  begin  is  slightly  too  large,  and  therefore  the 
*'^lue«  of  V  determined  by  equation  (1)  are  a  little  too  small, 
^iiniliir  effects  to  those  due  to  diffusion  will  be  produced  by  the 
iaiia»l  repulsion  of  the  ions.  It  is  evident  that  the  magnitude  of 
~  e  cBectH  will  depend  upon  the  time  it  takes  the  ion  to  travel 
L  the  cylinders ;  if  this  time  were  zero,  neither  diffusion 
fffvpulaion  would  have  time  to  produce  any  effect;  thus  the 
r  the  time  taken  by  the  ions  to  travel  between  the  cylinders, 
Jl  Bnaller  would  be  the  value  of  u  as  determined  by  this  method, 
e  T,  as  we  see  from  equation  ( 2).  depends  upon  the  velocity 
:  blast  and  the  strength  of  the  field ;  by  altering  these 
iHJssible  to  determine  the  values  of  ii  for  a  con- 


'        .  "   II.        '•■■  I.:,,    ,  "="'  »*1,^- 
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ends  of  tbis  tube  were  cloaed  by  conical  pieces.     The  tube 
divided  at  C  and  the  two  portions  separated  Iiy   5  mm.  and 


/LmBmmnmi 


lUted  by  ebonite  plugs.  The  tube  was  supported  by  the 
nite  rod  Q  and  by  the  atiff  brass  wires  V  and  1"  which  passed 
High  ebonite  plugs  in  the  outer  cylinder,  and  served  to  connect 
«ith  the  earth,  and  B  with  one  pair  of  quadrants  of  the  electro- 
The  electrometer  was  a  very  sensitive  one,  giving  a 
n  of  600  scale  divisions  for  a  potential  difference  of  one 
.  The  narrow  vertical  beam  of  raya  was  adjusted  and  kept 
nite  by  the  slita  in  the  lead  plates  S,  HH'  and  LL.  A  con- 
it  and  m<!usurable  supply  of  gas  was  sent  through  the  tube  by 
giu»meter.  Experiments  were  made  with  gases  careftiUy  dried 
1  with  gases  saturated  vritb  water  vapour.  Two  series  of  ex- 
igents were  made,  one  with  an  inner  tube  1  cm.  in  diameter, 
iithur  with  an  inner  tube  28  cm.  in  diameter;  the  results 
Wned  in  the  one  series  agreed  very  well  with  those  obtained  in 
other. 

1l«  nlnw  of  the  ionic  velocities  obtained  by  this  method  are 
a  in  thi?  following  table;  they  have  been  reduced  to  the 
«m  pressure  of  760  mm.  of  mercury  on  the  assumption  (see 
>)  that  ihb  ionic  velocity  under  a  given  potential  gradient  is 
ly  prriporttonAl  to  the  pressure. 


^'"^kt 

o;^«  «fr; 

'*^£t / 

•••  / 
The  iDf  ^ — -^_  /       ^'^ 
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electric  field  around  the  wire  will  drag  the  negative  ions  inUi 
vire  and  thus  rob  the  gas  of  a  certain  proportion  of  these  vma ; 
number  of  these  ions  thus  abstracted  from  the  gas  will  depend 
the  relation  between  the  velocity  of  an  ion  in  the  electric 
and  the  velocity  of  the  air  blast;  if  the  ionic  velocity  were 
itely  greater  than  the  velocity  of  the  blast,  all  the  ions  would 
alietracted,  while  if  the  velocity  of  the  blast  were  infinitely 
kter  than  the  ionic  velocity,  they  would  all  escape. 

We  se*  from  equation  (2),  page  54,   that  (,   the-  time   taken 
u  ion  to  reach  the  wire,  is  given  by  the  expression 


(  = 


2Au, 


..in 


r  IB  the  distance  from  the  axis  of  the  tube  of  the  point  from 
the  ion  starts,  b  the  internal  radius  of  the  tube,  a  the  ex- 
radius  of  the  wire,  A  the  difference  of  potential  between  the 
(and  the  tube  (the  wire  being  at  the  higher  potential),  and  w, 
velocity  of  the  negative  ion  under  unit  electric  force.     If  in 
[nation  (1)  we  put  (  equal  to  the  time  taken  by  the  air  blast  to 
from  one  end  of  the  tube  to  the  other,  we  see  that  all  the  ions 
le  distance  from  the  axis  of  the  tube  is  less  than  the  value  of 
given  by  equation  (I)  will  be  dragged  into  the  wire ;  hence  ifp  is 
tario  of  the  number  of  ions  dragged  fr«m  the  gas  to  the  whole 
nlrr  of  ions,  we  have,  assuming  that  the  ions  are  uniformly  dis- 
iljiiliil  over  the  cross-section  of  the  tube. 


2Au^ 


>-a'     (6»-a')log,t6/a)' 

_p(lf-a')l»g.(bla) 

2At  


..{2). 


Tlio  arrangement  used  by  Rutherford  is  represented  in  Fig.  16, 

A  paper  tnbe  coated  with  uranium  oxide  was  fitted  into  a 
tube  T  4  cm,  in  diameter.  A  blast  of  air  from  a  gasometer, 
pwnng  through  a  plug  of  cotton-wool  0  to  remove  the  dust, 
•i  though  a  long  metal  tube  AB  connected  with  the  earth  ; 
thin  tube  cylindrical  electrodes  A  and  B  were  fastened  by 
JBg  supports  80  as  to  bi.'  coaxial  with  the  tube.  The  elec- 
A  was  i:harged  up  by  a  batteTy,  and  the  electrode  B  was 
iti-d  with  <me  pair  of  quadrants  of  an  electrometer.     If  B 


fl 


V   -       .:  -----    ~.--i..--  -...    I   p.-trnTial    .:.t    the   5 


.,~^  .„.,..,.    ......  ^      **™*  sign  as  A 

'.    --.^-  ...  .i.^rue  the  gas.  then  the  »te 


■'"    "''  ^'^  "•^-  ^'-i*  in»5sing  would 

;_     ■•  ■    ■  -;'^^~!;... ;.■'.::■  7:; -^  ^^-^F-^^  being  dmgged 

'  '      -■■  "'  --'^-"-*  '--^  "i'T'r  L.t  leak  when  the 

■ '~-""-    '•"'^  ■':■:  ri:..  ^h-vj,  ;,  ^^  charged  toa 

V       .■:^;     ■-•-•--•^-•^     ---^    •■.l--.:r    ;f  J  in  t.qyjjti^jj^2). 

•    -   -  :s:  :•  <  i-   11- ,-:-::::  :•   -easim?  directlvthe 

-  ;.  -  .-.  L  - •:  :;.  -  -  iri;::::ii  ri-iiation.  but  proved 

-'■■'='-  •■-■^■^-  -^^  wore  the  same  aS 

•    :-•■■•-•■•   ;.    -^  ^"r-^^^  -V"^-     Fvr  this  punwse, 

<      .     ■•■-••••     -'i'--=^-.:.-e -^rAnium  cylinder 

•      ;  ■  -  ••  -  -  -      ;•■-  '-■■••  ^^^.-v-i  by  un  aluiiiiniuni 

-    -       ■    >    •        -^4--  -  ~  -.Z'.-  rv.-.:.  ttises  were 

••    '-  -^ "--^  ■'  -    ■'—   -^a  made  with 

-'  >     .....■->..:     .......  ...    .,  .•.:T":..-a!  With  thiwe 

:•.  :  -.-.v.:-.  ■•  v.«,  y- ..•..:•..:  ry  u-iriiuin  radiation 


c;wt:;N 


^     W      A  :;u:.v:  -  -  -    :>  -■    >..-.;    ,-■    vr::-.::;.:v  a>  this  was 
hr«   i;s.vt   in    MC.;:;:v.i   :■    -...sir:    :h,   v,;  ,::::,^  ,.j-  ^^e   ions 

iNsulcs^ot-  :hc:v  ^x^vr:::;.:::;?  >h  A,vi  :}:a:  :;:,  v:!  v::v  of  ihe  ion< 
diminishes  xorA  ^rx..:!.  «h.::  :ho  ^-  ::;:.  :h.  ovl.;  j>an:?  of  the 
ifcMuc  sii^^:u»^  :h.i:  ::u:^-  :<  .•  ni;:.i  ^  ::.i.::,u::ori  rvimd  the 
•ttli*  o»  :^H«o  of  :ho  i>rxxiuo:.^  of  o.ni:l>::s::  -i  :r:  :he  riamo.     The 
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diminution  of  velocity  is  clearly  shown  in  the  following  tablf  given 
liyM-ClellanA 


Rj«*n«  of  point  where 
[ram  Ibe  Ouue 

Temperalure  at  Uiis  poini 

Veloeily  of  ion  under 
■  loioe  of  one  volt 

f.-a  CM. 
10     cm. 
149  cm. 

230- a 

160' C. 
105*  C. 

■23cm./8ec 
'21  om.,'«ec 
-04  ctn./sec. 

These  velocities  are  all  of  them  ainall  compared  with  the 
vtlocitiee  of  the  ions  produced  by  Rontgen  rays  or  by  radio-aciive 
^uletAQces.  In  the  case  of  the  iuna  from  flames  as  in  other  cases 
ilie  negative  ions  move  faster  than  the  positive,  M''Clelland 
■tjipW  the  same  method  to  the  determination  of  the  velocities 
"nbc  ions  produced  by  arcs  or  incandescent  wires;  he  found  in 
'h«e  cases  the  same  variability  in  the  velocity  as  he  had  pre- 
■iiiiisly  observed  in  the  ions  from  flames ;  in  the  case  of  the  arcs 
■lU'i  wires,  however,  he  found  that  the  hotter  the  flame  or  wire  the 
■iiiiiilcr  the  velocity  of  the  ion.  We  shall  return  to  the  considera- 
''■"a  of  these  phenomena  when  we  discuss  the  electrical  properties 
■'I  iUmes  and  arcs. 


Belitrmi nation  uf  the  ionic  velucities  by    mean/i  v/  nii  ulternatii'f/ 
electric  field. 

31    This  method,  which  however  can  only  be  applied  when 
<)i''  ioniaation   is  confined   to  a   thin   layer  of   gas,   and   when 

I  I'lreover  all  the  ions  are  of  one  sign,  is  a  very  convenient  and 
'■'-itrate  one.  It  was  used  by  Rutherford*  to  detennine  the 
I'iiicity  of  the  negative  ions  which  are  produced  close  to  a 
■iitdillic  plate  when  that  plate  is  illuminated  by  ultra-violet  light. 
Ittp  principle  of  the  method  is  as  follows.  AB  (Fig,  17)  is  a 
isnntAl  plate  mode  of  well-polished  zinc,  which  can  bt-  moved 
ally  up  and  down  by  means  of  a  screw;  it  is  carefully  insulated, 
I  U  connected  with  one  pair  of  quadrants  of  an  electrometer, 
|uther  pair  ape  connected  with  the  earth.  CD  is  a  base  iilat« 
B  a  hole  JiF  cut  in  it ;  this  bole  is  covered  in  with  fine  wire- 


PBOPEBTIES   OF 


gauze,  ultra- violit.  light  from  the  source  S 
quartz  plates  Q,,  (^„ and  thw  gauze, and  falls  oi 


asses  through  tl 
the  plate  AB.  01 


MPk 


J 


FiS-  17. 

is  connected  with  an  alternating  current  dynamo  or  any  other 
moans  of  producing  an  alternating  difference  of  potential 
proportional  to  a  wimple  harmonic  function  of  the  time ;  the  other 
jwle  of  this  instrument  is  put  to  earth.  Suppose  now  that  at  any 
instant  the  potential  of  CD  is  higher  than  that  of  AB;  the 
negative  ions  nt  AB  will  be  attmcted  towards  CD,  and  will 
continue  to  move  towards  it  as  long  as  the  potential  of  CD  is 
higher  than  that  of  AB.  If  however  the  potential  diflference 
between  CI)  and  AB  changes  sign  before  the  negative  ions  reach 
CD  these  ions  will  be  driven  back  to  AB,  and  this  plate  will  not 
lose  any  negative  charge.  AB  will  thus  not  begin  to  lose  negative 
electricity  until  the  distance  between  the  plates  AB  and  CD  is 
less  than  the  distance  passed  over  by  the  negative  ion  during  the 
time  the  potential  of  CD  is  greater  than  that  of  AB.  The 
distance  between  the  plates  is  altered  until  ./IB  just  begins  to  lose 
a  negative  charge,  then  if  we  know  this  distance  and  the  frequency 
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msudmum  value  of  the  potential  difference  we  can  deduce 

-felie   ionic  velocity  of  the  negative  ion.     For  let   the  potential 

<iifference  between  CD  and  AB  at  the  time  t  be  equal  to  a  sin  pty 

'then  if  ci  is  equal  to  the  distance  between  these  plates,  the  electric 

;foTce  is  equal  to  (a/(2)  sin  pt,  and  if  u  is  the  velocity  of  the  ion 

under  unit  electric  force,  the  velocity  of  the  negative  ion  in  this 

field  will  be 

ii(a/(2)sinj>^;' 

lience  if  ^  is  the  distance  of  the  ion  from  the  plate  AB  at  the  time 

t  Tre  have 

dx     ua  . 


or 


if  fpsO  when  t  =  0. 


a?=  ~(l-cospO, 


Thus  the  greatest  distance  the  ion  can  get  from  the  plate  AB 
is  equal  to  ivajpd.  If  the  distance  between  the  plates  is 
gradually  reduced,  the  plate  AB  will  begin  to  lose  a  negative 
charge  when 

Hence  if  we  measure  p,  a  and  d  we  can  determine  u. 

In  this  way  Rutherford  found  the  following  values  for  the 
velocities,  under  a  potential  gradient  of  1  volt  per  cm.  of  the 
negative  ions  produced  by  the  incidence  of  ultra-violet  light  on 
a  zinc  plate,  in  dry  gases  at  atmospheric  pressure. 


Gas 

Ionic  velocity 

Air  

Hydrogen  

Carbonic  acid... 

1*4    cm./8ec. 

3*9    cni./sec. 

78  cm./sec. 

These  values  diflfer  but  little  from  those  obtained  when  the 
^^tiisation  was  produced  by  Rontgen  rays. 

Rutherford  found  that  the  velocity  of  the  ions  was  independent 
the  metal  of  which  the  plate  AB  was  made ;  and  he  proved  by 
method  that   the  velocities  of  the  ions   under  a   <!onstant 


#|//wrf  (//  f/n^mnn^  f/f  M  iuhu  of  ]iieE=iE7~  ^nm.  ^mr  ~ai£ 
ftfitmttfi:  III  whkh  h<:  v/^ed. 


'/f  (J/«    y»im  wlif/;h  ti;Mt  the  adTszrLii£»-  uf  mr  3«raizdiic  ~3tt 

^w  tfAUfWH.      H»l(/J#'/h<;  tJjAl   we  icttOHti.  «iT  irr  iLomcsi:  3Kyfc  Tit 

fffff^  ott  iUi'  (/'/►jtiv^r  ioti  i*i  from  ^  v.-  B  TaHr  iiicof:  i  iril  ii 
w  '  >*«/pr<  of  ff^AiUvt:  ttU^ririfuXy.  After  iiH-  iitJic  hbf  msL  oil  in 
fUt***t'fh  tot  tt  Utht".  T,  r*z%hT¥^  it.  B  Til  iiL'v  i^s^jir.  "H- 
h^ '/ttU  y*  tU/iitrtly,  Jiii'l  if  the  fojT>e  i*  ncn  r»'^=52s-t  acun  wiB 
'ohUh»^*  ^/t  *lo  i9t  (jfitii  the  ioD.^  jiTe  iiEiiKQKSted  If  V.  s  ike 
h'titt^t'  I  of  <of/>.  o<  one  iti;(rj  [^r  unit  ToliniM-  t»E?rw*»aL  xb*  iitfiS£s 
fih*  n  *^t*  t''*y*i  '*''•  '■''♦'  '^r  -^  ^^J*'  eleerric  i-.crfc.  t,  i.  "sht  vttifassiKS 
of  0*'  J/' /»-/♦)/"  ar*'J  ne;(ai.jve  ioris  r^^peraTrJj  -cndfir  Tmn  fiienzic 
ff/f*/  *Uf  ft  *\uint'/^  the  time  7*  the  pl;it<e  B  wiZ  rESOsrrf:  jtsr  mm  a;«i 
///♦  /y  |//s;*r»"  lonjt.  ^M\t\ff^\uii^  the  field  ^:»  l^e  »:•  ssrozif  idua  lie 
,//^^-  of  ;o/*J:  hy  fM/yf/jhifiation  rriAV  be  DegriecTcsd.  und  &iiv>  xiuu 
/•  /if  7  ,-•  '.*  '•^.  Oiiiii  I,  the  dihtafj<>r  between  tbe^il&3«e&  Tbt  unniticT 
'/f  tr*/,Ui*  )o/*!-.  wh)';h  in  thi«  tiiiie  hare  gc«Jr  t-:»  -A  »  iitJJ 
«/#o»,'>/J  i\XT  i>.  lew,  than  /,  W}  that  the  Dumber  of  ii€OTniT«t  ions 
J  ♦'  V  ^  ft*^  St  *u*  j/Uvr*^  i»;  n(l^L\XTi  and  these  wbeai  libt  £eid  » 
r  r*?///;  ;?/«  'j/,".e;i  v^  //.  Thus  if  ^  is  the  posdtnve  charxre 
f'/^,,'/:   *i,   tmj'.U   'i/jjt  ar'r:a  of  the  plai^  A 

j^v\/i*^i  v/.h  k^XT  h.jifi  k.^XT  ^T^  less  than  f. 

7V.^>    «...  .^-'-'^i   ^iTi\\\   T  \s  eq-aal  i->  the   smalkr  i*f  the  two 
'yj;i!.\ :*..'!>.    .   Y  ■    I  Y  '  '"  ^*'-  ^"^  ET^'^'f'c-r  than  i*;  the  seioitDd  limit  will 

be  r«3bi':j^  n.*>". :  wheii  this  limit  is  ]:ias?<-«i  there  are  no  negmxiTe 
yjuh  >rft  V'  be  driTen  against  B  when  thr  5rjd  is  re-vereed :  thns 

V = Td\xr, 
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this  will  hold  until  T  =  Ijk^X,  for  this  and  greater  values  of  T. 

Thus  when  k^>  kj 

Q  =  e[n(k,-]-fc^)XT^nl];  T<llk,X; 

Q  =  enk,XT;  T>l/k,X,  <l/k,X; 

Q  =  enl;  T>llktX,  >llk^X; 

while  if  fci  >  k^  we  see  that 

Q^e{n(k,  +  k^)XT-nl};   T<llk,X; 

Q^e{nl^n{l--kj:T)}=^ek^XT;  T>llk,X,  <l/k,X; 

Q  =  enl,  T>llh,X. 

Thus  if  we  represent  the  relation  between  Q  and  T  graphically, 
the  curves  will  be  portions  of  straight  lines  as  in  fig.  (18)  inter- 
secting at  the  point  corresponding  to  T=l/kiX,  T^l/koX;  if 
we  find  these  points  of  intersection  we  can  deduce  the  values 
of  fci,  ij. 


Fig.  18.    In  curre  I  the  electric  force  is  initiaUy  from  ^  to  Z^, 

in  carve  II  from  B  to  A. 

In  consequence  of  inequalities  in  the  ionisation  between  the 
plates,  and  from  the  recombination  of  the  ions,  the  curve  obtained 
in  practice  does  not  consist  of  three  straight  lines,  but  of  three 
curves  which  intersect  at  well  defined  nicks ;  an  example  of  such  a 
curve  is  shown  in  Fig.  19,  which  is  taken  from  Langevin's  paper. 
^ki  =  k2  two  of  the  nicks  coincide.  If  we  had  a  mixture  of 
different  gases  with  several  kinds  of  ions  there  would  be  a  nick 

T.  o.  5 


Hv 


f  tho 


jevin  has  Investigated  tbfr 
rith  the  pressure  of  the  gW 
howQ  in  the  following  tabW 


Tho  ivsults  of  his  a. 

whori'    /)    rqiresont^    the    jiressm       .. 

iiu'RMirv,  A'l  iimi  ^■..  the  veWities  of  the  positive  and  negative  ion 
i-ce.  I.e.  300  volts  per  centimetre. 


oleutrostiitic 


Kcjraiive  ion 

I'OBitive  ions 

P 

J,-., 
(!560 

).fc,7G 

p 

., 

pk,in 

647 

4430 

437 

20-0 

-2204 

•>m 

200 

1634 

430 

m-i 

530 

41-5 

7fiS 

427 

r.io 

r.io 

760 

480 

420 

1420 

270 

r>or) 

142-0 

22S 

42.') 

If  the  structure  of  the  ion  remained  unaltered  the  velocit 
under  an  electric  field  would  be  inversely  proportional  to  th 
pressure,  thxis  pk  would  be  independent  of  the  pressure.  Th 
numbers  given  in  the  table  show  that  this  is  approximately  tru 
for  the  positive  ions  down  to  a  pressure  of  7'5  cm. ;  for  the  negativ 
ions  however  there  is  a  very  considerable  increase  in  pk  when  th 
pressure  is  reduced  below  20  cm.,  indicating  that  the  structure  < 
the  nogiitive  ion  gets  simpler  as  the  pressure  is  reduced. 


^^^mteX   IN  THE  CONDUCTISG   STATE.  (>7    , 

ods  has  made  esperiments  in  the  Caveudish  Lahoratoty  ] 
BTuition  of  the  mobility  of  the  ions  in  helium,  using 
«  method ;  he  finds  that  for  the  jjositive  ions  pk  is 
town  to  a.  preswure  of  2~2  cm.  but  that  for  the  negative 
Braises  when  the  pressure  is  reduced  below  16  cm.  and 
E  cm.  it  is  twice  «s  great  as  at  76  cm. 

flawing  method  of  measuring  the  velocities  of  the  ions 
sing  used  at  the  Cavendish  Laboratory,  A  thin  layer 
iie  gas  between  two  parallel  metat  plates  A  and  B  is 
io  the  ionising  rays.  The  gas  above  B'  is  not  ionised. 
Ktion  in  BB'  is  not  continuous,  occurring  duriug  short 
Kporated  by  regular  intervals.  This  is  effected  by 
1^  between  the  vessel  A  B  and  the  source  of  the  ionising 
folving  lead  disc  with  a  slit  in  it :  the  source  of  the  rays 
mdium  or  a  R*intgen  ray  tube  is  arranged  so  as  to  emit 
tal  sheaf  of  rays.  This  sheaf  is  stopped  by  the  lead  disc 
r  the  short  periixl  in  each  revolution  when  the  rays  pass 
he  slit  and  ionise  the  layer  BB'.  A  commutator  is  fixed 
is  of  the  disc  and  a  brush  in  connection  with  the  plate  B 
■ainst  it :  the  commutator  is  arranged  so  that  immediately 

disc  baa  passed  the  position  in  which  the  rays  pass 
[he  slit.  B  is  connected  with  one  terminal  of  a  battery  of 
ills,  the  middle  of  this  battery  is  put  to  earth,  when  the 
has  made  half  a  revolution,  the  commutator  puts  B  to 

terminal  of  the  battery  and  the  electric  field  between  A 
reversed.  A  is  connected  with  an  insulated  electroscope 
fcially  was  at  the  potential  of  the  earth.  Let  27*  be  the 
IQ  by  the  lead  disc  to  make  one  revolution,  then  if  after 

of  the  gas  to  the  rays,  B  is  made  positive,  the  positive 
TMwh  A  with  a  velocity  *-,K/i,  for  a  time  T,  where 
I  potential  difference  between  the  terminals  of  the  battery 
B  distance  between  the  plates.  The  negative  ions  are 
ng  B  with  the  velocity  KVll.  these  start  from  close  to 
t  it  is  eaay  to  arrange   mattei-s   so   that  in   the   time   ! 

•  negative  ions  come  against  B.    In  the  time  T  the  J 

ions    more    through    a   distance    i,  y  T    towards    the  1 

late,  if  this  distance  is  greater  than  I  all  the  positive  ions 
id  this  plate  will  receive   a   chiirge   of  positive  J 


.  «ty  r»i.BeiKe  11  we  1 

:ake>  pbee  w^  can  detemune  t^i  to  det 

isi  *o  jxraui:^  -h^  v>xuKi'jLtar*>r  so  that  B 
:h<^  t  xp^-^s'irv  v^t  th-e  jtis  to  the  ray^ 


i^vUtioc  *  mtifth^Ai  0/  tHtfiufHrinisf  the  fWoc 
tke  disckatye  i^'  eUciricity  frotn 

96k    Hie  preceding  methods  would  be 
the  ofcs%>  vhen  the  eleclric  field  is  as  str 
ivf  the  ioiis  theiefine  as  great  as  they  ai 
dbchaipng  from  a  pointed  condactor.    Fc 
the  ioDS  at  si.Hue  little  distance  from  the  poi 
Chattock*  has  devised  a  very  ingenious  metl 
he  has  be^i  able  to  measure  the  velocities 
^uiiKiple  of  the  method  is  as  follows.    Let 


B 
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sultant  force  F  on  the  ions  included  between  A  and  B  is  vertical 
id  equal  to 

InZpdxdydz. 

If  the  velocity  of  the  ion  under  unit  electric  force  is  u,  then  w 
he  vertical  velocity  of  the  ion  is  equal  to  liZ.  If  all  the  ions  are 
){ one  sign  so  that  u  is  the  same  for  all  the  ions,  we  have,  since 

^=-  \\\wpdxdydz. 

Since  the  ions  are  all  of  one  sign  1 1  pwdxdy  is  the  quantity  of 

electricity  streaming  across  a  horizontal  plane  in  unit  time ;  this  is 
the  same  for  all  horizontal  planes,  and  is  equal  to  i  where  i  is  the 
current  of  electricity  flowing  from  the  needle-point,  hence  we  have 


*  r  ' 


where  Zg  —  z^  is  the  vertical  distance  between  the  planes  A  and  B. 
This  force  F  must  be  balanced  by  the  difference  of  the  gaseous 
pressures  over  A  and  B,  hence  if  p^  and  pj^  denote  respectively 
the  total  pressures  over  the  planes  A  and  B  we  have 

F^Pb-Pa* 

ii^B-^A) 


and  hence 


ti  = 


.(1). 


Pb-Pa 

Thus,  by  the  measurement  of  these  pressures  and  of  the  current 
flowing  from  the  point  (the  latter  measurement  is  easily  made  by 
inserting  a  galvanometer  in  series  with  the  needle-point),  we  can 
deduce  the  value  of  u. 


B 


'  (Zero  of  2) 


Fig.  21. 


The  apparatus  used  by  Chattock  to  carry  out  this  method  is 
represent^  in  Fig.  21.  The  discharging  needle  is  supported  in  a 
oaiTow  sliding  glass  tube  drawn  out  at  the  end  B;  it  discharges  to 


..«^iv  in  drnes  per  sq.  cm.  measara 
the  anesA  of  croes-eectHMi  of  the  tube,  the 

wher^  p  is  the  part  of  the  pressure  whi 

We  have,  bv  equation  (1), 

»  P 

Au        A 

It  was  assumed  that  when  the  point  was  . 
finom  the  ring  p'  became  independent  of  £ ; 
have,  if  Aw,  Ar  are  corresponding  changes  ii 

Ai»_    t 
Af      Au* 

and  it  was  finom  this  relation  that  u  was  ( 
found  for  the  velocities  of  the  negative  anc 
under  a  potential  gradient  of  a  volt  per  cm.  t 
and  1*38  cm./sec,  which  agree  well  with  tho 
produced  by  Rontgen  rays,  and  we  conclude 
two  cases  are  the  same.  In  the  second  paf 
the  method  to  hydrogen,  oxygen,  and  carbon 
and  again  finds  close  agreement  between  the 
produced  by  the  point  discharge  and  those 
active  substances.  He  points  out  that  whi] 
of  the  ionic  velocities  of  the  posi^^*'- 


utticr  tons,  it  is  urged  that  a  linialt  adm 
t  slowly  moving  ioiiH  might  produce  a  considemblo  lowering 
"ii'iivef^^  velocity.  WTien  the  point  is  positive  the  occlnded 
I  is  supposed  either  not  to  be  given  off,  or,  if  given  off,  not  to 
t  any  part  in  carrying  the  discharge.  This  explanation  is 
Bslent  with  other  phenomena  connected  with  the  discharge  of 
ktricity  from  metals;  w©  shall  see  that  in  the  electric  discharge 
n  gae  At  low  pressures  occluded  gas  is  given  off  from  the 
i.  and  that  the  amount  of  gas  so  given  off  has  very  con- 
asblv  influence  upon  the  phenomena.  The  values  obtained  by 
blt'ick  for  the  velocities  of  the  ions  produced  by  the  p-jint 
■chtirge  are  given  in  the  following  table,  in  which  V^  denotes 
!  velocity  of  the  positive  ion,  V_  that  of  the  negative,  and  V  the 
a  of  these  velocities.     The  gases  were  dry. 


Ou 

r_ 

V 

C_/C+ 

asS-ad::: 

0«3 
1'33 
1-30 

713 
0-925 

1-80 

i-ea 

6-41 
0-68 

1-67 

i-3a 
111 

1-36 
1-42 

HflS"-""::::: 

[  Dtterim'nniton  of  tlus  cmfficient  of  recoinhimition   mken  the 
I  velocities  nf  the  ionn  rire  kni/um. 

37.  The  principle  of  this  method  which  is  due  to  Langevin  " 
'■'  M  followa.  Suppose  that  A  and  B  are  two  parallel  plates  ira- 
'wnxKJ  in  a  gaa.  let  a  slab  of  the  gas  bounded  by  the  parallel  planes 
"  A  lie  ionised  by  an  instantaneous  flash  of  Runtgen  rays.  Let  there 
I"  m  electric  force  between  the  plates,  then  all  the  [wsitive  ions 
iiiluced  by  the  rays  would  be  attracted  to  the  negative  plate 
11(1  nil  the  negative  ions  to  the  positive  plate,  and  if  the  field 
'"■  infinitely  strong  they  would  re^u^h  these  plates  boforL-  they 
li'l  time  lo  recombine.  so  that  each  plate  would  receive  N,  ions, 
i  tl]r  flaali  of  Bontgen  rays  produced  N^  positive  and  Na  uegative 
With  woaker  fields  the  number  of  ions  received  by  the 
9  will  be  leas  as  some  of  these  will  recombine  before  Ihey 
ti  the  plates.  To  find  the  number  in  this  case  we  proceed 
In  iMnsequence  of  th<-'  movements  of  the  ions  under 
in.  >nn.  it*  C/.(m(«  rt  de  Phyn^ur,  1.  »iTiii.  p.  38B,  1903. 


j:     F1..!a    --JlCC^ 


'  >   ^  :i!«  ^bIw  4^ M«  fv  MJt  III— t  m  tfaoilMM 


f.«l 


be  mmt  ia  thoe  pcrtims  «ttt 


rise  I  «atk  <tf  the  miter  bjcn  wil^ 

r  V.  Sttk  '»  the  ekeCric  fnice  hetwed 

i'.--~   «ad  j  ilocitMS  of  the  poatiTe  aiW 

:  -Ji  ni  OToe.  tW  aamber  of  negriiv 

:  ir-i  ^.    tki  pwibw  plate  uid  of  pcstiv 

:'--  _sTeri.M.  plat<?  in  thi«  time  b  therefrw 

■.ja-,-i-t,>rff 

1  +  n.it 

Tr-  -^T-r  !j;.->  »il;  ■.'■.■ntinuf  t->  receive  frvsh  ions  until  th 
n, ;'].■:■.■  ::LV-r  ■.isii-p^irv.  whioh  it  will  do  aft*r  a  lime /' J  (i",  +  ;lv 
'  Ij-  ifi^  th'  tr-adth  -jf  the  ^lab  a6.  Hence  -V  the  number  o 
Tr'rg.irjv.  Mid  a!sj  ..f  fv^itivc  ioD?  which  escapi^  recombination  am 
r-tif-h  ihTir  r->i.-.-'.-nvi-  platt^s  is  t^jual  f.- 


■  X .  ;^ ;.  ■ 


■,   T(i-:^i-. 


xa,-hk,i 


I      1  ,      "•"^     \ 


1  +  i.,a( 

I>  '  3  +T7el/,   J^i-,)  =  e,  and  }»Je^Q,.  Q,  is  the  charge  on  th 
IiipIp-  .,)   tho   ]V"ttivf  or  nt-gative  ions  pnxlueed  bv  the  rays, 
■hargf  on  an  ion.  then  if  Q  is  the  charge  received  b 


of  ih.-  i.latp 


we  hai 


■V 


"^-•^"'-i^'-K:' 


^m 


If  (,;,  is  tlio  charge  received  bv  cither  jdate  when  the  electri 
■re  i.-  X, 


Fniiti  c'limliiiiiH  (I)  iind  (2)  wc  can  eliminate  Q,  and  determine  e. 
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By  this  method  Langevin  got  the  following  values  of  e  for  air 
lod  carbonic  acid  at  different  pressures. 


Air 

CO, 

Pressure  in  mm. 

c 

Pressare  in  mm. 

€ 

152 

375 

760 
1550 
2320 
5  aim. 

OOl 
0-06 
0-27 
0-62 
0-80 
0-90 

135 
352 
550 
758 
1560 
2380 

0-01 
013 
0-27 
0-51 
0-95 
0-97 

We  have  supposed  the  ionisation  in  the  slab  ab  to  be  uniform. 
Langevin  has  shown  that  equations  (1)  and  (2)  hold  whatever 
maj  be  the  distribution  of  the  initial  ionisation. 

Langevin  has  assigned  a  physical  meaning  to  the  quantity 
denoted  by  e,  according  to  his  theory  it  is  the  ratio  of  the  number 
of  collisions  between  oppositely  charged  ions  which  result  in  re- 
combination, to  the  whole  number  of  collisions.  In  attempting 
to  interpret  this  result  the  question  arises  what  is  a  'collision.* 
We  can  detect  recombination,  but  a  collision  which  does  not  result 
in  recombination  does  not  produce  any  effect  which  can  be 
measured.  It  is  evident  then  that  the  value  of  the  ratio  of  the 
number  of  recombinations  to  the  number  of  collisions  must  be 
to  a  large  extent  a  matter  of  definition  and  depend  upon  the  view 
we  take  of  the  nature  of  the  ions  and  of  the  character  of  the 
forces  between  them;  for  this  reason  I  have  adopted  in  §  18  a 
different  method  of  calculating  the  value  of  a. 


Evidence  as  to  the  natiire  of  the  ions  afforded  by 
their  velocity  under  an  electric  field. 

38.  We  can  obtain  some  information  about  the  constitution  of 
the  ions  from  the  rates  of  diffusion  and  their  velocity  under  given 
electric  forces.  The  question  we  shall  consider  is  whether  the  ions 
are  very  much  more  complex  in  their  structure  than  the  molecules 
of  the  gas  in  which  they  are  produced.  From  the  tables  of  the 
rates  of  diffusion  of  ions  and  gases  given  on  pp.  39,  40  we  ^ee  \)Vv^\» 


/'» 


*'fc  •»^3r: 


'.-    **'.'      ■".'     •>.'     'i*    : ''.i^.t?€i    _x    i-   .    •-.IT— T>-=-    -  ■*»it 


»'  t  ,  '/.*^  •• 


'  tf  '  ft*  • 


'*-:      :'^T' 


.T 


,/      .'//.    .!.'/".•    *'.;:*     .'.    c        ;.»•■  •'Jt.ulir-     Ir^irirer     7:  llrt*:   ml- 


, ,  /;      'i '.  -.'J 


>■:   li*-  mil   iiz.   -::z 


}/,*'>      ..yi././    V.'.    v.*     .'.r.     V.r    '-^ifH —     •-    llr-     l-iL  lA:hite< 
/         //I  ■  • 

m 


A 


/.' 


i.*  ,,//  //  -  ^■^^'i  ':/'i.  Mr':.   V.  hil<:  >y  =  '78  rrrn.  iiec. 

/' =  Jl  cijj.  sfr*^:.   whiKr   »f  =  1. 

Kof  W^.      e  m  =  i  1  32  X  10*.     r  =  1  6(XX>  x  10^. 

f.'=!  ri  cm.  sec.  whilf'  u='o. 
Vor  H^rliufu.    f  m  =  J  1(H.     f  =  1  2630  x  l(f. 

r=  47-32.     »/  =  l-4. 
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Tabulating  these  results  we  get 


Oas 

u 

M            1          Ulu 

i 

Helium 

H, 

so, 

ci, 

47-3 
26 
3-8 

2-06 
1-25 
11 

1-4                  34 

6-7                    3-8 

1-36                  2-7 

•78                  2-7 

•5            !         2-5 

•1                    11 

1 

Thus  except  in  the  case  of  helium  the  velocity  of  the  ion  is  more 
than  one  quarter  the  velocity  of  a  single  molecule.     Let  us  consider 

what  would  be  the  velocity  of  a  group  of  n  molecules  carrying  the 

1      e 

charge  e.    In  the  expression  ^X—  ^,  m  for  the  group  would  have 

w  times  its  value  for  a  single  molecule ;  t  =  X/v,  where  \  is  the 
mean  free  path  and  v  the  relative  velocity  of  the  ion  and  the 
molecules  of  the  gas ;  if  \o  is   the  value   of  the  free  path  for 

the  molecule,  \  its  value  for  the  group  of  n  molecules  r-  =  r ,^  - 


X  \q 


1  + 


2 

1 

7n^ 


while  V  the  relative  velocity  for  the  group  is  equal  to  ^  v©  ( 

where  t'o  is  the  relative  velocity  for  the  single  molecule :  making 
these  substitutions  we  find  that  the  velocity  of  the  group  would  be 

4  (velocity  of  the  molecule) 


n(n^l)[^ 


+  1 


thus  if  71  =  3  the  velocity  of  the  group  would  be  1/47  of  the 
velocity  of  the  molecule,  i.e.  less  than  the  velocity  of  the  ions 
^<^'r  any  of  the  gases  except  helium,  thus  a  very  slight  aggregation 
would  be   sufficient  to  account  for  the  want  of  mobility  of  the 

ions. 

In  calculating  the  mean  free  path  we  have  left  out  of  con- 
sideration the  effect  of  the  charge  on  the  ion ;  in  consequence 
of  this  charge  the  forces  between  an  ion  and  a  molecule  will  not 
^  the  same  as  those  between  two  molecules,  and  the  additional 
force  due  to  the  charge  on  the  ion  might  reasonably  be  expected 
to  afiTect  the  mean  free  path.  There  is  some  evidence  however 
that  this  effect  is  not  considerable,  for  according  to  Morreau  (Ann, 
dt  Ghimie  et  de  Physique  (7)  30,  p.  5,  1903)  the  velocity  of  the 


J  ', 


:i»X.p« 


>        tr,    » 

If! 


I 


If 


'  J,',-,  i';      '.'.;ir/-  -•■  *  ■:;ir  -•  j?  =  .'•*  ::i»   t--  in-.:-  "'imiu:  j.  =1"- 
•'./;  'r.iM  -  s  2-^  •  !   '"     :  ":::>  v.-r^  -n-  -u-i~    :  -.-:,-  -ni*:  :^ 

.If.     ii'.ii'liri/   'iff.-'    -<■■  ';    '.     v   -Li:    :■•-     ~:   "«  u*       1  ■""  =  i'-;   c  :'ir-». 

,  ,ri     '  r«    iin'li.ir;/"!.  ?t..h  .--*>»  i."  :^»-n.  12?  ^u-   la.  .-  ^  Tr<  J?  icxrs: 
1 1 (Ii.il.    i\\*-    f\iiiT'/-:     r.    'Or   :■  Q   2iar-r"iu>-   jior^.-ia-s  :he 


'HI  \^ ' . .  .  M I  v  « •  1 1  I M I K' '  '^' »  ^  ^' ''^^'  '- ''•-"*  -' -^i^''' -n. :  '  c  ii^-i^i-: n.  P.  "f 
"  I  ii  ilii.fitili  •!  i^M'j  wiiv.  rr»rirK;'':t/r<'l  with  tc.-r  T^-[.:virj  -inder  -iiiit 
I     (1,     I I    i,\    I  III-  M)i?rM;  ion  throU;^h.  :h.»r  s-isi-f  ^i&  by  th<^ 

//      Ne 

/>"  ir 

''   '       \    I .  III.    iiHiiilii^i  111  iiiiilrriil<;H  in  a  c.c.  of  gas  at  a  pressure 

"     liii.  ..  |i,  i    .M|M«iii'  •III      It  is  to  \)fi  remembered  that  this 

'''   "   ("  iilijMihitl  nil  Itip  >tii)i|MiNitioii  that  a  number  of  ions  in 

'*     '  "  >    liinn   )tiMiliiM>  llir  MMiiir  pn^HHuro  as  the  same  number  of 

.|   '  '  '  '*''  ""I  •!  |ii.i)i.ii  )iipiiil  llii'  Hinnr  tnniKirature;  in  other  words, 

^^j  '    *"«i.i  InthMf  lil.i'  M  iMilrct  ^jus  with  respect  to  pressure. 

Ill,    '       *'**''  'Mill  ilnii   iliit  iHti'i  Ml  II  ^iiN  at  atmospheric  pressure 

1(1  I  ii  ,  I '  ^'    'm  MitMiifi'ili*'*'"  iHMio  I'liinplox  than  the  molecules  of  a 

fi(i,  |,       ''"  '»•    iiiM««l  n-M'***!  linn  a.HMUinption  jiH  only  an  approxnna- 

IM    (|,,,       '    '*'*Mi  i.u<u  liti  Hii'  Ml  III  I  ilrr  it  ins,  and  one  which  may  be 

'I  ((l,        ,'''**••'»    u  III  u  llii«  it'UM  an*  as  largt*  lus  those  which  occur 

III   ,  l''H|..  Ill  llitmiui  Ml  iirur  an  inrandoscent  wire. 

'^  tthhn   I        *'*Imi..iiiI   /*  mvoii  hv 'l\>wnaond  and  (1)  the  values 
'•M||(^    *    /*    "*«MM»ilmil.  r->  lh*««'  >civon  by  Zolony,  we  get  the 

••"•  III)   .W  .,  Id  »»■,  |t  boin^  oxpn^ssod  in  electrostatic 


1 
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From  Rutherford's  experiments  on  the  mean  velocities  of  the 
ions  in  gases  and  the  mean  of  the  coefficients  of  diffusion  given  by 
Townsend  we  get 


Gas 

Ne  X  10-w 

Air  

Oxygen    

Carbonic  acid... 
Hydrogen   

1-36 
125 
1-30 
1-00 

From  Zeleny's  values  for  the  velocities  of  the  ions  and  Townsend's 
for  the  coefficients  of  diffusion  we  get  for  Ne  x  10~" 

II. 


Gas 

Moist  Oas 

Dry  Gas 

1 

Positive  ions 

Negative  ions 

Positive  ions 

j 
Negative  ions  > 

1 

Air 

128 
1-34 
1-01 
1-24 

1-29 

1-27 

•87 

118 

1-46 

r63 

•99 
1-63 

—  1 

1-31          i 

Oxygen   

1 
1*36          ' 

J  cr"     ......... 

urbooicacid... 
Hydrogen   

•93      ; 

1-25 

1 

Since  one  electromagnetic  unit  or  3  x  10^®  electrostatic  units 
of  electricity  when  passing  through  acidulated  water  liberates 
1"23  cc.  of  hydrogen  at  the  temperature  of  15°  C.  and  pressure  of 
760  mm.  of  mercury,  and  since  in  1*23  cc.  of  gas  there  are  2'46iV 
atoms  of  hydrogen,  we  have,  if  iS?  is  the  charge  in  electrostatic 
units  on  the  atom  of  hydrogen  in  the  electrolysis  of  solutions, 

2•46i\^^=3xl0»^ 

or  NE^\'22x\Q'\ 

The  mean  of  all  the  values  oi  Ne  in  Tables  I.  and  II.  is  1*24  x  10**^. 

We  conclude  then  (1)  that  the  charges  carried  by  the  gaseous 
ions  are  the  same  whether  the  ions  are  produced  in  air,  oxygen, 
hydrogen  or  carbonic  acid,  (2)  that  this  charge  is  equal  to  the 
charge  carried  by  the  hydrogen  atom  in  the  electrolysis  of 
solutions. 
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"Ti-f  rrxc  :c  liiT  r^ijialitnr  ot  die  ciiArges  on  the  ioos  indif- 
>rT!i*  z-iisHi!^  ^^  'i^sz  :bc.fcL3tHi  by  dbe  aath*3r  by  direct;  measore- 
iL-r--^  c  ziLrr  ±ikrpii^  -rarT-Jiii  by  ^ht  gaseoos  ioosl  Though  the 
Tvr^i-.  cs  zi  zzk  t^'z^  :c  VV  ziv^gn.  in  Tabtes  L  and  IL  are  greater 
:h-i-  Tr  fii-rLii  b*Tir  -rxsecud  fexn  die  jccm«c%  with  which  the 
rizt-riz.-rZL'is  'Vrrrr  zidiipf.  dtey  ue  zi»3€  soAcKntiy  R^rolar  to  enable 
"L-  :•  imr  1S.T  .t:ci:i-2?i«:-ns:  ihas  S>r  exaunple  in  TaUe  LUiix 
^ir'r*  rjjz  iciii  *-:?  xc:s«ifnbLy  ^neacer  dian  for  hydrogen,  while  in 
T-'-:  -  IL  ::  i?  --frv  zii'.'ii  leak  W^  mast  remember  too  that  these 
r»r>-:>j?  LiT^  c^ren  .ccairei  ic  iht  5app36iGii>a  that  the  complex 
:•  r_-  ■>rhavr  lii-r  \  i^rrTH^r"  g?k*:  if  tihey  behaved  like  complex 
vii*,ir?  ih-r  vul~-f^  yc  J»"V   jocaineti  •:<!  rfais  sappoi^tion  would 


40.     Siii'>r  :h-r   :rLLwr«?fii  i'.-c:*  when  in  an  electric  field  settle 
^1/>-tl  r..'  a  ?t.\:e  -.:  sre^viiv  mocivn  in  which  thev  have  no  accelera- 
*..  Ti  •hr:  t':.r>r  -rirrrr-ii  by  "rh-f  d-fld  -xi  "rhe  :«>os  is  transferred  to  the 
'/^.'      Tr.zj:  "ar'n-rn  in  .uiv  r»r*^':c  ^hepf  is  an  excess  of  the  ions  with 
''::.*<:  r^e-  •:!  oc-r  iiiTi  ' '^■rr  :h-:<5e  having  ::ae  oppoisite  sign  there  will 
V;  a  r^^.^lZiiLZ  ::ror  ^orin^  on  :he  ^as  in  this  region  which  may 
-.^ir.   c5;rTent5   in   th-r    ci^j?-     I^   *iie   oace   ot'  a   corrent  passing 
rhro.^h  Ijuised  gas  be: ween  parallel  mecal  plates,  there  is,  as 
»*:  -h;ill   .^etr  tc  the  nex:  paragraph,  an  excess   of  positive  ions 
in  rh^  lav'^r  of  eas  near  rhe  negasive  place  and  of  negative  ions 
in  ttke  l^y^r  next  the  positive  pla:e:   thetse  layers  will  be  acted 
on  hj  forces  tending  to  make  theoi  move  toward?  iheir  respective 
plat^.   If  these  plates  were  infinite  these  forces  woohl  be  balanced 
bj-  an  excesfi  of  pressure  next  the  plate,  but  if  the  plates  are  finite 
thiA  hxchm  of  pressure  will  relieve  itself  by  the  gas  moving  round 
U,  the  fca^^k  of  the  plate  and  a  system  of  air  currents  will  be  set  up. 

These  currents  have  been  observed  by  Zeleny*  by  means  of 
the  apparatus  represented  in  Fig.  ±i.  A  and  B  are  the  two 
parallel  metal  plates,  connected  to  the  opposite  poles  of  a  battery 
of  storage  cells.  The  plates  are  enclosed  in  a  box  of  which  the 
sdes  P  and  P"  are  made  of  blocks  of  paratfin.  while  the  other 
two  sides  are  glass  to  enable  the  observer  to  see  what  is  going  on 
inside.    The  bottom  of  the  box  is  made  of  wood.  Roncgen  rays 

♦  Zdaj.  i^'vc-  ^*"^  ^^*^  ^^-  *•  P-  ^^  ^'^'^ 
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fit-'i  through  thU  and  ionise  the  gas  between  the  plates.     Tht- 
T^sel  R  contains  liquid  ammonia,  from  which  aminoDia  gas  {tawtes 


JJ^' 


Fig.  23. 

■tmnigh  th«  tube  S  into  the  box.  The  tubes  2" and  T'  contain  drujK 
I  lijdrochloric  acid.  The  particlea  of  ammonium  chloride  formed 
I  the  lower  ends  of  the  tube,  where  the  acid  is  in  contact  with 
111'  ammonia,  fell  slowly,  producing  well-defined  vertical  whitish 
'treauiB  a  and  b  near  the  plates  A  and  B.  These  streams  arc 
Wtical  90  long  us  the  Kontgen  rays  and  the  electric  field  are  not 
mi  together.  If,  however,  when  the  electric  field  is  on,  the  gas  is 
npjBed  to  the  rays,  the  streams  are  deflected  towards  the  platt's 
<B  indicated  by  the  dotted  lines  in  the  figure.  In  order  to  show 
tb*t  this  was  not  due  to  any  charge  on  the  solid  particle.t  of 
^niiQoniuin  chloride  the  experiment  was  repeated  with  streams 
"f  carbonic  acid  gas.  the  difference  of  refractive  index  between 
ihis  gas  and  air  being  sufficient  to  render  the  streams  visible ;  it 
*as  found  that  these  streams,  like  those  of  the  ammonium  chloride, 
if^r"'  deflected  towards  the  plate. 


41,    For  convenience  of  reference  we  give  a  table  containing 

'li'-  results   of  the   measurements   of  the  ionic  velocities.     The 

4«l(ioiUe«  an*  exjiressed  in  cms.  per  second  and  are  for  a  potentisl 

l&itnt   of   1    volt    per   cm.      1^+,    V.    denote    respectively    the 

cities  of  the  positive  and  of  the  negative  ions.   V  the  mean 

( thuMi  vitIocitii«. 


P»:*t«TIIS  OF 


\'aj'rmt^  OF  loss. 

/*•*  /r«m 

BoHiyfji  Jta^. 

i. 

r. 

r_ 

>" 

- 

r 

Zelenv 

v^ 

l«7 

1«I 

1-M 

Zelenv 

lOrrsn „. 

H 

Butliwlwtl 

l-W 

I-fiS 

Zdeny 

'Oitswi  ta-is*  ._ 

t-fi« 

t^wn 

Z«teay 

1«7 

Bnth^iM 

.Urtvc-v  ».na  dr 

■e: 

-76 

Zetenj 

'C;u-I.>uio«*ilBi 

7S 

-78 

Zetooy 

iHsiinvfO ^ 

& 

RnUinfori 

HT>irv>aen  drr  .„ 

7«» 

7-S 

illeleiij 

'Hvdrv«mni.isi  . 

am 

Ihtb 

Zeleny 

t« 

Rutberford 

Hvdr«.hlorio  Mid 

1-S7 

Rutherfuri 

Chl->riw    

!fl 

Riit.herf.ini 

Helium  drr 

1-42 

£il3 

Edmui,ds 

lona  from    Ultra-Violet  Light. 


,- 

1-4 

3-9 

■76 

Hv,lr..;.fii 

^\i".''.'.'^.'.''Z 

Rutherford 

Rutherford 

Ions  fro  1 

(  Flames. 

Velixifics 

varying  from  04  to  "23.. 

McClelland 

Ions  liberated  by  Chemical  Actioi 
1  of  the  order  00005    


Ions  from  point  diKcharffe. 


Chat  lock 
Chattotk 
Chattock 
Clmttock 
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iMmtial  gradient  between  two  parallel  plates  immersed  in 
an  ionised  gas  and  maintained  at  different  potentials. 

42.  It  was  shown  first  by  Zeleny*,  and  then  independently  by 
Childf,  that  when  electricity  is  passing  between  two  plates  im- 
ii^ersed  in  ionised  gas,  the  potential  gradient  between  the  plates 
18  not  uniform,  but  is  greatest  in  the  neighbourhood  of  the 
dectrodes.  The  diflference  of  potential  between  one  of  the  plates 
and  any  point  in  the  gas  may  be  measured  by  having  a  water  or 
mercury  dropper  at  the  point;  the  most  convenient  way,  however, 
is  to  place  at  the  point  a  fine  wire,  which  will  ultimately  assume 
the  potential  of  the  point.  When  the  wire  is  used  it  is  necessary 
however  to  take  several  precautions:  in  the  first  place,  if  the 
namber  of  ions  in  the  gas  is  small,  the  wire  will  only  take  up  the 
potential  very  slowly,  and  it  is  important  that  the  instrument 
Med  for  measuring  the  potential  of  the  wire  should  have  very 
snudl  capacity.  This  consideration  often  makes  it  desirable  to 
use  a  small  gold-leaf  electroscope  to  measure  the  potential  of 
the  wire  instead  of  a  quadrant  electrometer,  which  though 
more  sensitive  to  diflferences  of  potential  has  yet  a  very  much 
greater  capacity.  Another  point  to  be  remembered  is  that  if  a 
^  is  placed  in  a  region  where  the  ions  are  all  of  one  sign,  its 
potential  can  only  change  one  way.  Thus  if  it  is  a  region  where 
there  are  only  positive  ions,  its  potential  can  increase  but  cannot 
decrease,  and  thus  if  the  potential  of  the  wire  gets  by  some 
accident  too  high,  it  cannot  sink  to  its  true  value. 

A  characteristic  curve  for  the  distribution  of  potential  between 
the  plates,  due  to  Zeleny,  is  given  in  Fig.  23.  It  will  be  seen 
that  the  gradient  near  the  centre  of  the  field  is  uniform,  but  that 
Dear  the  plates  the  gradients  get  much  steeper  and  that  they  are 
steeper  at  the  negative  than  at  the  positive  plate. 

From  the  equation  -rr  =  —  47r/>,  where  V  is  the  potential  at  a 

distance  x  firom  the  plate  and  p  the  density  of  the  electrification, 
^e  can,  if  we  know  the  distribution  of  potential,  calculate  the 
denaty  of  the  electrification  at  any  point  between  the  plates. 

•  Zdeny,  PMl.  Mag,  v.  46,  p.  120,  1898. 
t  Child,  Wied.  Ann.  Ixv.  p.  152,  1898. 
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PROPERTIES   OF  A   GAS 


Till'  ili*n-^jty  correapondiiig  to  the  potential  curve  i 
sliowii   ni    i'ig.  24. 
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W(.'  m;o   that  neivr  the  positive ,  plate  there  is  an  exct 
lifgativ.;  electricity  while  near  the   negative   plate    the   ]m 
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electricity  is  in  exceaa.     With  the  small  ]x>t«iitial  difFerences 
in  this  experiment  the  regions  where  there  is  an  excess  ( 
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[  of  electricity  over  the  other  are  in  the  immediate  neighbour- 
1  of  the  plates,  the  density  of  the  free  electricity  being 
leding  small  in  the  central  portion  of  the  field  If  a  larger 
mtial  difference  had  been  applied  to  the  plates,  the  regions  with 
electricity  would  have  expanded,  and  with  very  large  potential 
Brences  these  regions  would  fill  the  whole  of  the  space  between 

plates.  In  the  example  given,  the  greatest  density  of  the 
'.tnfication  is  about  2  x  10~^  electrostatic  units ;  as  the  charge 
an  ion  is  about  3*5  x  10~'*  such  units,  the  number  of  positive 
3  in  a  cubic  centimetre  would  exceed  that  of  negative  by  about 
10*.  Taking  the  number  of  molecules  in  a  cubic  centimetre  of 
gas  as  3*5  X  10^,  the  ratio  of  the  excess  of  ions  of  one  sign  to 

number  of  molecules  is  only  1'6  x  10~^^  As  most  of  the 
,^tive  ions  would  be  driven  away  firom  the  neighbourhood 
the  negative  plate,  this  will  approximately  represent  the  ratio 
the  number  of  free  ions  to  the  number  of  molecules.  This 
imple  is  an  illustration  of  the  very  small  amount  of  ionisation 
ich  is  sufficient  to  account  for  many  of  the  phenomena  of  the 
iduction  of  electricity  through  gases. 
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MATH  EMA  ill 

ELECTRlrn 


THE    CONDUCTION   OF 
iAS  CONTAINING   lOSS. 


43.     We  sIkiII  develop  the  theory  of  electric 

!.-<  induction  throiif  in  the  basis  th&t  die  relocities 

of  the  ioD!$  are  pr  lectric  force  iviting  upon  thfliB- 

We  shall  take  the  c^w .       ite  parallel  mcljtl  plates  main- 

taiiK-d  at  different  potentials  and  immersed  in  an  ionised  gas;  t-ti^ 
lines  of  electriu  force  are  everywhere  at  right  angles  to  the  plat«s 
they  are  thus  always  jjarallel  to  a  tine  which  we  shall  take  as  th 
axis  of  .'■. 

Let  II,,  "j  be  rcKpectively  the  number  of  positive  and  negati* 
ions  ])er  unit  volume  at  a  place  fixed  by  the  coordinate  x,  let 
be  the  number  of  jjositive  or  negative  ions  produced  in  unit  tin: 
per  unit  volume  at  this  point  by  the  ionising  agent;  let  X  I 
the  electric  intensity  at  this  point,  Ai,  h,  the  velocities  of  th 
positive  and  negative  ions  under  unit  electric  intensity,  so  thi 
the  velocities  of  these  ions  at  this  point  are  respectively  t,J 
ksX :  let  e  be  the  charge  on  an  ion.  The  volume  density  of  tl 
electrification,  siipposed  due  entirely  to  the  presence  of  the  ion 
is  (;(|— "j)e;  hence  we  have 


-,,,). 


..(1). 


If  ('  is  the  current  through  unit  area  of  the  gas,  and  if  v 
neglect  any  motion  of  the  ipns  except  that  caused  by  the  electi 
field,  we  have 

i>,ek,X  +  »^k,X  =  i   (2). 
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From  equations  (1)  and  (2)  we  get 

1       fi    .   KdX'i 

""^'-k^Vk^Xx-^^l^]  (3), 

1       fi       k,dX\  ^.. 

"^""Ai  +  Jb,!^     4nrdx]    ^*^- 

If  we  measure  the  distribution  of  electric  force  between  the 
plates,  we  can  from  these  equations,  if  we  know  k^  and  it,,  deter- 
miDe  n,  and  n,,  or  if  in  addition  to  the  distribution  of  electric 
force,  we  measure,  by  the  methods  previously  given,  n,,  n,  at 
various  points  in  the  field,  we  can  use  these  equations  to  deter- 
mine ki  and  k^,  the  velocities  of  the  ions. 

When  the  gas  is  in  a  steady  state,  the  number  of  negative  and 
of  positive  ions  in  each  unit  of  volume  must  remain  constant  with 
Inspect  to  the  time,  thus  the  losses  of  these  ions  must  be  balanced 
by  the  gains.  Now  ions  are  lost  in  consequence  of  the  recom- 
bination of  the  positive  and  negative  ions :  these  ions  will  come 

■ 

into  collision  with  each  other,  and  in  a  certain  fraction  of  the 
vbole  number  of  collisions  the  positive  and  negative  ions  will 
combine  to  fonn  a  single  system  which  is  electrically  neutral 
and  which  no  longer  acts  as  an  ion ;  the  number  of  collisions  in 
linit  volume  in  unit  time  is  proportional  to  n^n^.  We  shall  sup- 
pose that  the  number  of  positive  or  negative  ions  which  recombine 
m  unit  volume  in  unit  time  is  an^n^ :  this  is  the  rate  at  which  unit 
volume  is  losing  positive  and  negative  ions  in  consequence  of 
^^mbination ;  in  consequence  of  ionisation  it  is  gaining  them  at 
the  rate  q,  and  in  consequence  of  the  motion  of  the  ions  under  the 

electric  force  it  is  losing  positive  ions  at  the  rate  -r-  {nJc^X)  and 

negative  ones  at  the  rate  —  -y-  {njc^X).  The  diffusion  of  the  ions 
causes  unit  volume  to  lose  positive  and  negative  ions  at  the  rates 


^here  Z),  and  D,  are  the  coefficients  of  diffusion  of  the  positive 
and  negative  ions.  Unless  the  electric  field  is  very  weak  the 
motion  of  the  ions  by  diffusion  is,  except  in  quite  exceptional  cases, 
^gnificant  in  comparison  with  that  under  the  electric  field.     We 


>^» 


MAinKMATK'AL   THEOBT    OT  TEX. 


'xsrs^'Cn^JS  or     [m 


MXOUl 


»-.>i.*tl)    tfjrrirfon-    for   the  preserst    ka"re  cSaaic   •:*«n  v^ 

i- « fit  J  I  =  c  —  aT,-»w    '5)» 

-    ,    o*J[\Xi  =  o  —  a«*-f^i    ^^'• 

'  ^  /■ ,   Jtrj'i  /. ,   ;in;  constant  at  all  parr*  ■:■:  ibr  firW.  "^e  hi« 
^"""  ^^,  ^r.;  anrl  rf;; 
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know    the    distribniion  of  " 

ermine  whether  ioiiisatii«n  or  I^ 

point,  for  from  « 7 »  9  —  93iS^ 

hence  when  ionisation  is  in  excesBw 

•■Ml,  iM,  wn«;n  fj  —  in^n^  is  positive,  d*X' djr  is  positive 

^  *"   '  uivi-  \vli(,w;  onlinate  is  X'  is  convex  to  the  axis  of  x:  wh«i 
'*''''"«l>iii;,ii,,„  i^  i,j  ,,xc(;ss  of  ionisatioH  the  curve  for  X*  is  concave 

^'**'»^»it.ulin^,  i„    ,.,|U{iiioii    (7)  the  values  of    m,.  '*=  gi^^^^  ^• 
^M'^'^^i^nts  Ci^  ,,,,,,  ^4^  ^,,.  ^,^^ 


-.  rx;''> 


il'X' 


da 


,,  —  Htt/ 


/I        1     (     _  a 


X  h  + 


/.-,  (/A'" 


)(^-8i 


k,  dX* 


.(8>' 


Htt  rfa;  /  V     Sir  dx  J, 

^  luiv.;  not,  hccri  iihli;  t,o  got,  a  general  solution  of  this  different:^ 
'  4'«atioti  «!xc<;i»t  wh<-n  «/  is  cioiiHUint  and  t,  =  Atj  ;  in  that  case  puttit^ 


*u 


Jf» 


y  and  ^^  =  p  wf;  get ,  writing  k  for  cither  fc,  or  A-„ 


V  ...  =  -7^  y/  -  4e* 


'•^h 


^ntogrj^ing  this  wc  get 


r  — 


64V/' 


.(9> 


87reA7 


y  +  (^y 


a 

Awek 


.(10), 


I 


T^,^^'  iH  a  constant  of  integration.     From  tl^  equation  we  can 
*^^  ratio  of  X,,  the  electric  intensity  midway  between  the 
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plates,  to  Xiy  the  electric  intensity  close  to  a  plate.     For  when 
fci  =  t^  the  distribution  of  electric  force  is  symmetrical  and  mid- 
way between  the  plates  dXjdx  and  />  =  0 ;  let  us  further  assume 
that  we  are  dealing  with  a  case  like  that  in  Fig.  24,  where  there  is 
no  free  electricity   for  some   distance   from    the   plane   midway 
between  the   plates,  so  that   here  cPX/da^  also  vanishes;  hence 
from  (9)  and  (10)  we  have 


■i'T 


Z.'  = 


ere' 


"     =  CX,*^ (11). 


1- 


8wek 


Now  at  the  positive  plate  th  =  0  and  at  the  negative  plate 
iii»0;  hence  at  either  plate  n,nj  =  0,  but 

_      1       /.,      AV\ 
^"*  ~  4kVX*  V      e^n') ' 

l>ence  if  Z,  is  the  value  of  X  at  either  plate,  we  have 

-Xi*^ 


%ir 


1- 


=  CX*"" 


,(12). 


Hence  by  (11)  and  (12) 

%Trke     tXt 


a 


=(!;) 


iwek"^ 


1-/8 


^r  writing  fi  for  Sirkeja  we  get 

We  see  from  this  equation  that  Xq/Xi  is  never  greater  than 

'^tyjfor  /8^"^  diminishes  from  unity  to  zero  as  /9  increases  from 
^=0  to  /9  =  infinity.  Since  /9  does  not  involve  either  q  or  i, 
the  ratio  of  the  electric  intensities  does  not  depend  upon  either 
the  intensity  of  the  ionisation  or  of  the  current  between  the  plates. 
For  air  at  atmospheric  pressure  k  =  480  (since  unit  electrostatic 
foite  is  300  volts  per  centimetre),  a  is  about  1*2  x  10~^,  and 
^aS'SxlO""";  substituting  these  values  we  find  /9  =  3*9  for  air 


^2^^^^H 

S^               MAT 
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a:    „:,:..,i.te 

ic   pfONtre.     Stnee   1'  ia  inveraelj  proportio 

.h.   ,,r«iar. 

tf  IB  nmsMtj-  imparUonB]   to   the   preseup 

th-,:i  :?  vorr  1 

igt  Bt  the  pwMW.  of  a  fev  millimetres  of  mi 

Puttmt;;;'. 

vefiad 

y  =  4*  =  ±51  approximAteiy. 

A;  1.™  p. 

sasufes  3  »  Wge,  in  this  case  X,yjf,  =  ^  &[ 

mat^ly.  and 

kn.  th.  ™»,-«  -f  r^  hj  _j-^  varies  ioveraely  i 

«'1"-'r^  r-.t  . 

The   fXpe 

escribed   on  the  distribul 

elt-ctric  t.irce 

show  thai  when  the  cur 

small-  the  re] 

«  appreciably  from  X,  ar 

fined  t^i  two  1 

i.  the  distribation  of  Z  bf 

thi-  phue.-^  bei 

!ttrve  like  that  shown  in  F 

We  can  wry « 

limit  to  \,  the  thickness 

of  thesx.'  layer 

a 

point  on  the 

boundaty 
4 

Fir.  -2.5. 

layer  ni-xt  the  electixxle,  then  sinco  X  becomes  constant 
theri'  lire  at  this  point  as  many  positive  as  negative  ions  p( 
volume,  and  if  the  velocities  of  the  ions  are  the  same,  he 
current  must  be  c;irried  by  the  positive  and  half  by  the  ne 
iona.  Thus  if  i  is  the  current  through  unit  area,  and  e  the  c 
on  an  ion,  ii'Ie  positive  ions  must  cross  unit  area  of  a  plane  tt 
P  in  unit  time:  and  all  these  positive  ions  must  be  pre 
in  the  i^egion  between  P  and  the  positive  plate.  But  i 
the  tliicknes.1  of  the  layer,  the  ntimber  of  positive  ions  prodn 
unit  time  corresponding  to  each  unit  area  of  the  plate  is  <, 
number  that  cross  unit  area  at  P  Ciinnot  therefore  be  greate 
(/X,  and  can  only  be  as  great  when  there  is  no  recombination 
ions  between  P  and  the  positive  plate,  hence 


(yX; 


2c' 
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0T\>il2€q;  thus  i/2€q  is  an  inferior  limit  to  X.  If  /  is  the 
maximum  current,  I  the  distance  between  the  plates,  I  =  qle; 
hence  i/2I  is  an  inferior  limit  to  \/l. 

44.  Though  we  cannot  find  a  general  solution  of  the  equations 
(1),  (2),  (5),  (6)  when  ki  is  not  equal  to  k^  we  see  at  once  that 
a  particular  solution  of  these  equations  is  given  by  the  re- 
lations 

Wi  =  n,  =  (q/ay, 

ki 

^^'-k!h^ 

a\*         i 


'0 


.q)  6(fe,  +  A:,)* 

This  solution  corresponds  to  a  constant  value  of  the  electric 
force  between  the  plates,  and  indicates  that  the  proportion  of  the 
current  carried  by  the  positive  and  negative  ions  respectively  is 
the  same  as  the  ratio  of  the  velocities  of  these  ions.  This  solution, 
though  it  may  apply  to  the  central  portion  of  the  field,  cannot 
however  hold  right  up  to  the  plates.  For  suppose  P  is  a  point 
between  the  plates  at  which  this  solution  applies.  Then  across 
unit  area  at  P,  ikj/{ki  -{-k^e  positive  ions  pass  in  unit  time,  and 
these  must  come  firom  the  region  between  P  and  the  positive 
plate;  if  the  distance  of  P  bom  this  plate  is  \  this  region  cannot 
furnish  more  than  qK  positive  ions  in  unit  time,  and  can  only  do 
this  when  there  is  no  recombination ;  hence  the  preceding  solution 
caimot  hold  at  a  dist^ance  from  the  positive  plate  less  than 

ki      i 
ki  +  k^qe ' 

Similarly  it  cannot  hold  at  a  distance  from  the  negative  plate  less 


1^2 


^1  +  Ictqe ' 

We  shall  assume  that  the  preceding  solution  does  hold  at  distances 
from  the  plates  greater  than  the  preceding  values:  and  further 
that  in  the  layers  in  which  the  solution  does  not  hold  there  is 
no  recombination  of  the  ions. 


I^^^^BH 
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Li;t  ns  consider  the  state  of  tbings  at  the  positive  plate  b« 

a  =  0  ami  ,f  =  X,,  where 

Tlien,  siiici;  in  this  region  there  is  no  recombination,  eijuatio 

(o),  ((i)bucome 

1 

1 

1 

h'i[  is  coa 

r 

:i-^, 

wheiv  till'  constant  of  integration  hn9  been  chosen  so  as  t( 
H,  =  0  when  .'=0;  substituting  thfse  values  for  »,,  h, 
equation  giving  dXjd^  We  get 

^1       1\ 


(t  " 


"(fi+i.)-,!}' 


whoi-e  iJ  is  ii  cuiistiint  which  m;ty  bt^  (li'toriiiineci  from  the 


+Tre  A'l 


C  is  thi'  viiltiu  <if  X'  whfn  ,c  =  0,  i.e.  at  the  positive  plate 
call  this  valiii-  A',,  aiKl  if  A',  is  th.'  constant  value  of  A'  b 
the  laVL'i-s,  wi-  have 


^.=^-h'r1*+^'^ 


thus  A',  is  always  greater  than  A'„  and  the  ratio  X,!X„  d( 
depend    ajHin    the    amount   of  ionisation  or  the  strength 

current  between  the  plates. 
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If  J,  is  the  value  of  X  at  the  negative  plate,  we  can  prove  in 

a  similar  way  that 


'.  =  X.|l  + 


^ekt 


^(A.+*i)}*. 


Thus  if  j^,  the  velocity  of  the  negative  ion,  is  very  large  compared 
with  ii,  the  velocity  of  the  positive  ion,  the  value  of  X  at  the 
negative  plate  is  large  compared  with  its  value  at  the  positive, 
and  the  thickness  of  the  layer  in  which  X  is  variable,  is  greater  at 
Ae  negative  than  it  is  at  the  positive  plate.  A  curve  representing 
the  distribution  of  electric  intensity  between  the  plates  in  this 
case  is  represented  in  Fig.  26. 


^ 


Fig.  26. 


If  we  put 


we  have 

when  )8,  and  /Sj  are  large  we  have  approximately 

X^  =  Xq0i^  :  Z J  =  Z o/8a*. 

In  the  special  case  when  the  velocities  of  the  positive  and 
negative  ions  are  equal  /9i  =  /Sg  and  XJXq  =  (87reA:,/a)*,  this  agrees 
when  )8  is  large  with  the  result  found  by  the  independent  investi- 
gation of  this  case  given  on  p.  87. 

The  fall  of  potential  V^  across  the  layer  next  the  positive  plate 
whose  thickness  is  Xi  is  equal  to 

rA, 
Xdx; 


. 
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substituting  the   valoe   of  X  giren  by  equation  (13)  and  i 

grating  we  fijid 

=  |z.\|(l  +  A)*  +  ^log(^^+^i+^a. 


Since   JV„  =  J 


~n — r-r^'  »n"  \=  t — ^  i . 


•^'-  2^i^^t;i:7  logCVA  +  v/i  +A)f-(i4)- 

Thus  the  fall  i  this  layer  is  proportional 

the  square  uf  the 

If  V,  is  the  ol  in  crossing  the  layer  next  t 

negative  electrode 

If  i8i  and  ff..  are  very  large  we  have  approximately 

V  =1^'-^^      a- 

Sub-sti tilting  the  values  of  yS,,  ^j  we  find 
l\  _  iV 

v.rkr 

or  the  falls  of  poteiitiiil  at  the  positive  and  negative  plates 
proportional  to  thr  wjiiares  of  the  velocities  of  the  positive  p 
negative  ions. 

Let    us    consider    how    the   fall    of  potential    laries   with 
pressure  of  the  gits :  if  p  is  the  pressure,  /.■,  and  Aj  are  invers 
proportional  ta  p,  and  q  is  directly  proportional  top,  hence  we 
that  for  a  given  current  V,  and  V^  vary  inversely  as  ;). 

The  relation  between  the  potentkd  difference  between  the 
plates  and  the  current. 
46.     The  fall  of  jMtential  between  the  plates  is  made  up  of 
fall  of  potential  at  the  layera  which  we  have  already  calculated  i 
the  fall  of  potential  in  the  space  between  the  layers  where 
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electric  intensity  is  uniform  and  equal  to  X^;  the  breadth  of  this 
space  is  i  —  (Xi  +  Xa),  where  I  is  the  distance  between  the  plates, 
and  since  X^  +  A^  is  equal  to  i/qe,  the  fall  of  potential  in  this  space 
is  equal  to 

adding  to  this  the  values  for  the  fall  of  potentials  across  the  layers 
we  get,  if  F  is  the  potential  diflference  between  the  plates, 


+  A:.  (1  +  /3.)»  +  A  log  (V/3,  +  Vl  +"/3,)} 


gieOcr+k,)Vqe)  ^^^^- 

This  equation  is  of  the  form 

F=4t»  +  5i, 

thus  the  curve  whose  ordinate  is  %  and  abscissa  F  is  a  parabola. 
This  equation  ceases  to  be  an  approximation  to  the  truth  when 
the  two  layers  touch,  i,e.  when  Xj  4-  X,  =  i  or  i  =  geZ ;  in  this  case 
the  current  is  the  greatest  that  can  be  carried  by  the  ionised  gas. 
The  minimum  value  of  the  potential  diflference  required  to  pro- 
duce this  current  is  got  by  putting  i  =  g^i  in  equation  (15);  we 
see  that  the  potential  diflference  required  to  produce  saturation  is 
proportional  to  the  square  of  the  distance  between  the  plates  and 
to  the  square  root  of  the  intensity  of  ionisation. 

46.  The  study  of  the  distribution  of  electric  intensity  between 
the  plates  when  the  maximum  current  is  passing  leads  to  an  easy 
vay  of  finding  the  ratio  of  the  velocities  of  the  positive  and  nega- 
tive ions,  for  as  in  this  case  there  is  no  recombination,  equations 

(5)  and  (6),  p.  86,  give 

kifiiX  =  qx (16), 

k^n,X^q{l^x) (17), 

^tere  x  is   measured   from   the   positive   plate.     At   the   point 
between  the  plates  where  the  force  is  a  minimum 

—  =  0  =  47r  (n,  —  n,)  6, 
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tl  is  point  n,  =  n,,  so  that  if  «  is  the  distance  of  th 
'  .  r  is  a  minimum  from  the  positive  plate  we  h 
s(  16)  and  (17)  ! 


thus  th, 
equal  t. 
npgati  vi 
the  distribl  " 
dtduKc;  the 
47.  Mi 
tit'  e^uatiim 


i-atio  of  the  velocities  of  the  positive  and  negative 

tlie  ratio  of  the  distances  of  P  from  the  positi 

plates,  80  that  if  we  have  determined  P  by  me 

>tween  the  plates  we  caiLJ 


approximations  obtained  ■ 
te  currwit  ia  only  a  smaU  1 


Fig.  27. 


of  the  saturation  current,  (2)  when  the  current  is  nearly  sa 
The   results    of   his    investigation    are    shown   in    Figs. 

•   Mil.,  Ann.  der  Phytik  13.  p.  B57,  1904. 
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Fig.  27  represents  the  distribution  of  the  electric  force  along  the 
cQirent  for  various  values  of  the  current  expressed  as  fractions  of  the 
saturation  current.  It  will  be  seen  that  until  the  current  amounts 
to  about  1/5  of  the  maximum  current  the  type  of  solution  is  that 
indicated  on  {>age  88,  i.e,  the  electric  force  is  constant  except  in 
the  neighbourhood  of  the  electrodes  where  it  increases  rapidly. 

In  Fig.  28  the  quantities  denoted  by  \^,  V^^,  ^zj^  are  pro- 
portional respectively  to  the  ratios  of  the  minimum  electric  force, 
the  force  at  the  anode,  and  the  force  at  the  cathode  to  the 
current.  The  result  indicated  by  the  solution  on  page  87  that  the 
ratios  of  the  forces  close  to  the  electrodes  to  the  minimum  electric 
force  is  independent  of  the  current  is  seen  to  hold  for  a  wide  range 
of  currents. 

Solutions  of  equation  7,  p.  86,  at  pressures  chosen  so  as  to  make 
«/4Treik  have  special  values,  have  been  given  by  G.  W.  Walker 
{PhU.  Mag.,  Nov.  1904)  and  Robb  (PkiL  Mag,,  Aug.  and  Dec.  1905). 

Case  when  the  velocity  of  one  ion  is  very  large  coinpared 

with  that  of  the  other, 

48.  The  case  when  the  velocity  of  the  negative  ion  is  very 
large  compared  with  that  of  the  positive  is  of  great  importance,  and 
admits  of  complete  solution.  We  may  deduce  the  equation  for  Z, 
the  electric  force,  by  putting  k^fk^  =  0  in  equation  (8),  p.  86,  or 
proceed  independently  as  follows. 

Using  the  notation  of  Art.  43  we  have 

i  =  n^ki  Xe  4-  n^k^Xe  . , (1), 

j^{n^k2Xe)==q-an^ni     (2), 

-^  =  4<rre  (n,  -  n,)  (3). 

In  this  case  the  current  is  practically  carried  by  the  negative 
ions  80  that  i  =  n^k^Xe  and  therefore  q  =  auin^, 

Ihus  n^  =  ,   XT     and    Wi=     ---, 

K^Ae  ai 

i>ubstituting  these  values  of  n^  and  7/2  in  (3)  we  get 

dX  _  4nr(^k^qX      4>7n 
dx  ai  k^X  * 

^^  dXy    STT^k^qX^ 8^' 

dx  ai  Ar, 


'4^ 


#.  ^k\VS 


.« . .  1 


:^    r:i»i3 


I . 


/:  •:   •  .1  r. 


*t.>     —  -" 


ii 


=  ■ 
^     =  —     - 


»  • 


'/»  .    ■  '. 


.'r-.;rTin:.  ~        T-  lii'-  :t 


r    • 


• 
'  f  * 


>  IffI 


//II'  /r     '/,     !•■    I'M  J/' 


tl'f 


*  —  I. 


iTk 


nlfil  til'  H  ^«H  .  "f'i<<   /«,  Ml  (^rnutl  roin[^irMl  with  k\. 

|/f/'frf  *Im  "itliHM  wIimIi  liiiv*',  \to4'U  foiinrl  for  ^\  ^nd  a.  we  infer 
iiftti  IIm  "ff  fcl  f.'firi  iriMiHi'  tlM-  hnu;kc;t  will  be  ven' small  when 
iiut'  /'■  I'Hj^'  r  HIM  I  Mil  IX I  with  /,  iJiiiH  the,  K^;cond  term  li^'ill  be  ver}* 
Mffiffll  liiihtliii  It  Inyi^i  Iff  ^iiM  iM'xl  th<*  aith(Kle  of  such  thickne^ 
Miuf  f  li''  HHiMliir  111  miiM  |ini(liM'i^(l  inniclo  it  would  be  sufficient  to 
l<NMV  ^li''  MMiMil'  Hii|i|MiiiiiiK  t.lii'y  wiTr  III!  utilised  for  this  purpose: 
ill  (III'  f'MHi*  nl  IhiiiM'M  juhI  IioI.  piH^H  this  layer  is  very  thin  unless 
Milt  f'iMIHliI'  !*<  fivt'tiniliti^ly  liuxt*.  Hit  that  in  these  cases  it  will  only 
Iffi  |i|imii  Idi  l.liM  fiiilihtiih'  llwit  th(*  Necond  term  inside  the  bracket 
In  HIiIM'kmImIiIm,     'Hiun  (wu\  tM|uiit.ion  (7)  we  learn  that  the  electric 
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force  will  be  constant  except  in  the  immediate  neighbourhood  of 
the  cathode,  where  it  increases  to  a  very  large  value;  the  force 
at  the  cathode  itself  bears  to  the  force  in  the  uniform  part  of  the 
field  the  ratio  of  (ki  +  k^)^  to  i,*.  This  uniformity  of  field 
throughout  the  greater  part  of  the  circuit  combined  with  the 
rapid  increase  close  to  the  cathode  is,  as  we  shall  see,  a  very 
characteristic  feature  of  the  passage  of  electricity  through  flames 
and  hot  gases. 

If  V  is  the  difference  of  potential  between  the  electrodes 
y={Xdx;  there  is  no  diflSculty  in  integrating  the  value  of  X 
given  by  equation  (7),  an  approximate  solution  will  however  bring 
out  the  essential  points  more  clearly.     Except  quite  close  to  the 

cathode  the  electric  force  is  equal  to    -yr  (~)  »  hence  the  fall  of 

potential  in  the  uniform  part  of  the  field  is  very  approximately 

equal  to  - /r  { - )  ^»  where  I  is  the  distance  between  the  electnxles. 

Close  to  the  cathode  the  electric  force  X  when  t©  is  small  com- 
l^anxl  with  ?'  is  approximately  given  by  the  equation 

the  fall  of  potential  at  the  cathode  is  approximately  I      Xdx  or 

i       /ay      ai 


Hence  V  the  potential  difference  between  the  plates  is  givcm 
by  the  equation 

\qj   ek^\        ^e'qsfkjcj 

The  fall  of  potential  near  the  cathode  is  proportional  to  the 
square  of  the  current,  while  the  fall  in  the  rest  of  the  circuit 
is  directly  proportional  to  the  current.  In  the  case  of  conduction 
through  hot  gases  and  flames  containing  salt  vapours  we  shall  see 
that  the  fall  of  potential  close  to  the  cathode  very  nmch  exceeds 
that  in  the  rest  of  the  circuit,  for  this  to  be  the  case  the  velocity 
of  the  negative  ion  must  be  a  very  large  multiple  of  that  of  the 
positive. 

49.     When  a  current  of  electricity  is  passing  through  a  flame 
very  interesting  results  are  produced  by  putting  a  bead  of  salt  in  the 

T.  o.  7 
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Hiitiic.  the  salt  raporiseB  anii  the  ioniHation  in  the  salt  vapour  i 
much  mure  intense  than  in  the  othpr  parts  of  the  flame.  HitW 
tiiimd,  however,  that  unless  the  bead  of  salt  is  introduced  na 
thf  cathode  it  produces  but  little  effect  upon  the  current,  whe 
however  the  legion  containing  the  salt  vapour  reaches  the  uaVtiod 
the  3j»It  Buorniously  increases  the  current.  The  relation  betw« 
the  current  and  potential  difference  in  this  case  is  easily  obt»JW 
by  the  nid  of  the  preceding  equations.  Let  A  be  the  positive, 
the  negJitive  eler'— ^-  -'-'  '-'  -~  'ake,  as  representing  the  part' 
the  flame  eontati  r.  a  slab  ab  in  which  the  ioois 

tion  ami  \'elix:it;  on  are  not  the  same  as  in  tl 

juljiicent  biyei-s.  electric  force,  we  have,  in  ^ 


ilih. 


'-QK,-c'^ 

ll.TO  «', 

V. 

K,  0 

lu  tin- 

y»l„«.,f,,,, 

(-oiistaiit  t 

..bo 

(loteiiii 

linwl. 

In  tl, 

''  " 

■gi.in 

I  irA  i.t. 
X 

n  distance  .>:.. 

!<■    .■SI. 

■llOlltlHl 

tLTiiia 

will  diiiiiiiisli 

^•^-) "'■ 

t  where  the  force  is  X  from  j 
ni  L 

-'■^''-  m 


..(;!) 


Ilie  cxpuneiitial  terms  will  diiuiuisii  rapidly  as  we  recede  fr 
B.  I>,  H  rcwpeL-tivcIy,  we  shall  assume  that  the  three  regions  are  bri 
enough  tiir  the  exponential  term  in  (1)  to  be  negligible  at  b,  i 
tliiit  in  (2>  at  ((,  in  this  case  since  A'-  is  continuous  we  have 


'A'.' 


again 

so  that  C  =  -  <;. 

Neither  V  nor  C  contains  the  large  factor  Ijk.  and  we  1 
by  integration  that  the  di-op  of  potential  at  the  surfaces  a,  I 
very   small    in   comparison   with    the  whole   potential   differe 
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WnW^^^M  fi.  the  diiiiiniUion  in  potential  difference  between  J 
\he  electrodes  A  and  Ji  produced  by  the  intnidnction  of  the  mill 
ntpour  in  ai  ia  less  than  the  different  of  potential  between  wA  1 
pn?*itni8  to  the  introduction  nf  the  salt,  as  this  is  a  very  Bniall  I 
fiaclion  of  tlicf  difference  nf  potential  between  A  and  B  the  intn»- 1 
ibcliooof  the  salt  produces  little  effect  on  the  potential  differenoo  I 
(HjuireJ  to  inaintAin  a  given  current-  I 

The  case  is  however  quite  different  when  the  slab  oA  extends  1 
n|.  (0  ihe  olectrode  li.  In  this  case  A'  the  electric  force  in  thofl 
Tvjiuii  iiB  is  given  by  the  equation  ■ 

Thiii>  th<-  I'stll  i>f  iKitential  at  the  cathode  is  now  ^^^H 

^hmajt  beltin-  t)i>^'  intvrxluction  of  the  salt  it  wa^  ^^^H 

ray    _ai  ^^^^1 

ei'tJa^  \q)  i^ktq '  -^^^ 

Thus  if  y.  the  rate  of  ionisation  in  the  salt  vapour,  is  lai;ge,  j 

t"iupared  with  </,  the  ionisation  in  the  flame  in  the  absence  of  the  I 

"s't,  the  fall  of  potential  at  the  cathode  will,  for  the  same  current, 

w  vi-rjr  mni'h  smaller  in  the  salted  than  in  the  pure  Hame ;  and 

1*  the  cathode  fall  of  jjotential   is  by  far  the  greater  part  of  the 

P'tttHtial  difference  between  the  electrodes,  it  will  require  far  less   J 

i'li'iitial  difference  to  produce  a  given  current  in  a  salted  than  in  J 

)iiifp  Hntae,  or  with  the  same  potential  difference  the  current  will   I 

'^  i,Teiitly  increased  by  the  salt.  | 

If  tJie  ionisation  in  the  layer  next  the  electrode  were  smaller  I 

^^  in  the  other  parts  of  the  discharge,  i.e.  if  Q  were  less  than  q,  I 

Thh  layer  would  greatly  increase  the  potential  fall  at  the  cathode,  I 

^1  with  a  constitnt  difference  of  potential  between  the  terminals  I 

""iitd  greatly  diminish  the  current.  I 

Case  u'/ieii  the  iom'satioH  is  confined  to  «  tliin  layer.  I 

fift     In  thf  preceding  investigation  we  have  supposed  that  the  1 

■wiwtioi)  is  nnifonnly  distributed  between  the  plates,  there  are  I 

'i"*tver  many  verj'  important  case^s  when  ionisation  only  takes  1 

pUoe  in  a  thin  layer  of  the  gas.  the  rest  of  the  space  between  the  I 

piites  being  free   from  the   action   of  the  ionising  agent.     Wei 

piwiiwl  now  to  the  eonsidcration  of  this  case,  beginning  with  tha^ 
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r »  ckse  b>  one  of  the  plat«8  A.  Lrt 
Mlive  plsle,  then  all  the  ions  in  thu 
lost  1mt«  been  dragged  b;  the  uti'm 
the  k^vT.  heme  these  ions  must )» 
carried  entirely  by  poatjve  ioua. 
tbene  ioo»  per  cobic  centimetre  and  let  X  be 
tbe  cnrreot,  tb«j  using  the  same  notation  as 
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+  C (18), 

ao ;  it  is  evidently  tlie  valne  o' 


thu  plates,  and  UhcH 


■  SttiV 


+  C 


-n 


..(in 


Tm  fiiul  all  fx pre tL-ii  1111  f-T  C  we  must  turn  our  attention  to  th- 
InyiT  "t  inniseil  giis  :  let  ujj  suppose  that  the  current  is  small  com 
[liirod  with  that  required  to  saturate  this  layer,  then  the  numtk 
of  tree  positive  or  negative  ions  in  unit  volume  of  the  lays 
=  ((/!a)\  if  (^  aw  before  measures  the  intensity  of  ionisation; 
theie  is  no  gieat  change  in  the  electric  force  as  we  pass  from  th 
gas  into  the  layer  the  sum  of  the  velocities  of  the  positive  an 
nogiitive  ions  will  bo  of  the  order  {hi  + 1^)  C\  and  as  i  the  currei 
equals  the  nuuibcr  of  ions  multiplied  by  the  sum  of  the  velocitii 
of  the  ions,  e  (!.\  +  h)  C  (y/a)*  will  be  of  the  same  order  as  . 
hence  C  is  comparable  with 


Henci'  '■  will  be  small  comi>iireJ  with  S-TriHk, 


sumll  quantity. 


HTT^e'  {k\  +  /-,)=  / 
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If  8  is  tho    thicknevss  of  the  ionised  layer,  1  the  saturation 
current, 

I=qe8 ; 

thus  the  preceding  quantity  will  be  small  if 

lis      ki       1    .  ,, 

where  y  y?^  =  .Z?  ^  (i-^  +  X-^) 

If  J//,  {/  /  are  small,  then  since  y8j  is  greater  and  ^^(^i  +  ^'«) 
less  than  unity,  we  see  that  the  quantity  under  consideration  will 
be  small.    When  this  is  the  case  we  can,  in  equation  (19),  neglect 

^  in  comparison  with  -j— ,  and  the  equation  becomes 

V'^^U* (20). 

We  see  that   the  current  is  proportional   to    V\  and   thus 

increases  more  rapidly  with  increasing  potential  difference  than 

if  the  conduction  followed  Ohm's  law.     We  shall  see  examples  of 

this  when  we  consider  the  passage  of  electricity  from  hot  metals 

immersed  in   gases.     In   this  case   by  far  the  greater  part   of 

the  ionisation    occurs    in    the    layer    next    the    metal    and,   as 

Pringsheim*  has  shown,  the  current  increases  more  rapidly  than 

the  potential  difference.     The  current  is  proportional  to  k\y  the 

velocity  of  the  ion  which   carries   it ;    thus   since   the    velocity 

^'f  the  negative  ion  is  greater  than    that   of  the  positive,   thi' 

current  for  the  same  difference  of  potential  between  the  plates 

i^  greater  when  the  ionisation  takes  place  next  the  negative  plate 

than  when  next  the  positive,  in  other  words  the  current  is  greater 

in  one  direction  than  in  the  opposite ;  this  unipolar  conductivity 

as  it  is  called  is  very  marked  indeed  in  conduction  through  hot 

gases  and  flames  containing  salts.     Rutherford  f  has  observed  it 

when  the  ionisation  was  due  to  Rontgen  or  radium  radiation.    We 

see  from  (20)  that  for  a  given  potential  difference  the  current 

is  independent  of  q,  the  intensity  of  ionisation;   the  maximum 

current    between   the   plates   will    of   course   depend   upon   the 

intensity  of  the  ionisation,  but  as  long  as  the  currents  are  only  a 

small  fraction  of  the  maximum  corresponding  to  the  ionisation, 

they  will  be  independent  of  the  amount  of  ionisation  next  the 

*  Pringsheim,  Wied.  Am,  55,  p.  507,  1895. 
t  Rutherford,  Phil.  Mag,  vi.  2,  p.  210, 1901. 
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|jtiit<; :  we  see  too  tbat  the  ciirrent  does  not  ileiiend  dd  the  nharj 
larriici  by  the  ion. 

The-  current  for  a  given  difference  of  potential  varies  iiivaw 
lis  the  ciibi.'  of  the  distance  between  the  plates;  as  the  cam? 
vaiiijs  as  tin-  square  of  the  potential  difference,  ii'  the  avera 
I'lii.tric  intensity  between  the  phvtes  reniains  constant  lis  t 
iHslance  tliniiniahes,  the  current  will  vaiy  inversely  us  the  diaUr 
brtwi-en  till'  plates. 

Whi-n  tliir  io  to  a  layer  next  the  platii  A, 

I'ltii  Htiip  t  III.-  Ho'  'ore  of  electricity  to  the  plat* 

by  int^rpiiwing  a  third  plate,  and  the  pasK 

nf   (electricity    '  juet    as    well    by    a    plate 

metal  as  liy  a  k  is  we  get  the  somewhat  pa 

doxictil   cHect    o  ?P^S  *   current   between  t 

(ilat^'s  by   int*iij  lem  an  excellent  conductor 

eU'ctricity.     An  sffect  will  be  considered  wl 

we  dimrusii  the  p  >y  through  veiy  hot  gasea. 

If  the  layer  of  mnised  giis  is  ,-itiiatod  between  fhi^  plates  : 
(Hsiiuice  I,  fniui  thi'  ]ii>sitive  and  I.,  irom  the  neg.itive  plate,  t 
if  V  tw  the  [Hitential  difference  between  the  plates,  we  can  ea 
\<\o\.-  l.y  the   pivei'ding  method  that 

wli.'iv  ^-1  :uid  L  iu\-  ivsjK-ctivi'ly  the  vel,M.-ities  of  the  i>ositive 
nepilive  ions.  We  see  that  if  k;  h  not  e()ual  to  h  the  cur 
lor  the  siime  iH>teiitial  difference  will  not.  unle^'i  1,  =  !.,  be 
■Millie  in  one  dii>rtion  ;is  in  the  opixwito.  If  the  velocity  of 
iiex^iuive  ion  is  jjivater  ilian  that  of  the  positive,  the  cur 
will  K'  i^ivatest  when  its  diiwtioti  is  sueh  that  the  negative  j 
Is  iieaiiT  lo  the  ionisnl  layer  than  the  iR>sitive.  From  thij 
.•.'iieliiile  tli;ii  "aiu  of  syninietiy  in  the  distributiim  of  ionisa 
"ill  i;ue  lise  I.'  uniiK>l:ir  iMndiii-iivity.  The  <lisiribiition  of  etei 
MiMisiu  vvh.ii  the  ionistnl  htyer  is  Ivtw.v^n  the  plates  is  re 
-i.ted  ui  Ki>;   I'.v 

The  pn\>-.lnij;  ivsults  aii>  ,'nly  true  when  the  ek-etrio  inter 
eUvs,-  to  ihe  i.vms,vi  layer  i-  si.ull  v\vni(v»n.a  with  iT<  value  s 
disiMKY  away.  We  shall  now  iMnsider  frvnn  aiKither  [»-iint  of  ■ 
iW  ««^liiiy>»  ti'r  this  to  K-  the  e-i»\  If  the  sainraiion  onrren 
|iW!««-^l  K'twivn  iho  plsies  ;he  uia\mi'.!tu  iKvtne  force  woul 
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1  ( ).:; 


greater  than  \fS'TrIljk\ ,  and  the  potential  difference  greater  than 
!U'327r//9A:, :  unless  then  the  potential  difference  exceeds  this 
value  we  cannot  have  saturation  and  therefore  the  force  near  the 


y 


/ 


c     o 

Fig.  25. 

plate  cannot  be  great  enough  to  drag  all  the  ions  produced  near 
the  plate  away  into  the  field.     In  order  to  get  these  ions  away  we 
lave  not  only  to  contend  against  the  recombination  of  the  ions, 
bat  also  against  the  tendency  of  the  ions  to  diffuse  back  into  the 
plate;  indeed  in  many  important  cases  when  only  ions  of  one  sign 
come  into  the  gas,  as  for  example  when  a  metal  plate  emits 
negative  ions  by  exposure  to  ultra-violet  light,  or  when  a  red- 
hot  plate  emits  positive  or  negative  ions,  diffusion  is  the  only 
thing  the  field  has  to  overcome  in  order  to  saturate  the  current. 
In  such  cases  the  ions  unless  removed  by  the  field  accumulate 
roond  the  plate,  until  the  number  striking  against  the  plate  in 
unit  time  is  equal  to  the  number  emitted  by  the  plate  in  that 
time.    These  ions,  like  the  molecules  of  any  gas,  have  an  average 
velocity  of  translation  V  proportional  to  their  absolute  temperature, 
and  the  electric  field  will  not  be  strong  enough  to  remove  these 
ions  fit)m  the  plate  unless  it  is  able  to  impart  a  velocity  Uq  to 
them.    If  the  field  required  to  do  this  is  small  compared  with 
^^Iljki  then  we  are  justified  in  putting  C  in  equation  18,  i)age 
100,  equal  to  zero.     If  however  the  force  required  to  pnxluce  the 
velocity  is  comparable  with  ^Hirlljk^  we  cannot  assume  that  C  is 
zero  and  the  force  near  the  plate,  as  is  generally  the  case  when 
the  currents  are  produced  by  ultra-violet  light,  may  be  comparable 
with  that  in  other  parts  of  the  field.     The  greater  the  value  of  / 
the  more  likely  are  the  conditions  justifying  the  zero  value  of  C  to 
besatisfiecL 


KbKKIT    PlH 


lQNETIc  field  on  the 

HE  IONS. 


51.     WiiEX  1  Aoviiig  in  a  inaguetic  field 

OX) ".■linnets  ;i  mi  «i,  direction  is  at  right  angii 

to  the  direction  i  >n,  at  right  angles  also  tfttt 

magnetic  force  ana  equiu  m  i..„g...tn(Ic  ti>  //eFsin  $.  whore  ff 
the  magnetic  foi-cc,  V  the  Vflocity  of  the  ion,  e  its  charge,  and 
the  luiglc  bi'twcen  H  and  I';  H  and  e  iuv  to  be  expressed  in  tl 
electronuignctic  system  of  units.  The  relatii  m  between  the  directi' 
of  this  force  /',  V  iUwl  H.  fi>r  a  [positively  charged  ton,  is  shown 
Fig.  -Hi. 


Now  supiwse  that  we  have  an  ion  moving  through  a  gas,  1 
visc<isity  of  the  gas  causing  the  velocity  of  the  ion  to  be  prop 
tional  to  the  force  acting  u]Mjn  it.  Then  if  X,  )',  Z  are  i 
»«mi>oncnts  of  the  electric  intensity,  a,  (3,  7  those  of  the  niagiK 
force,  It,  V.  w  those  of  the  velocity,  the  mechanical  force  exerted 
the  i(ni  by  the  magnetic  tiel<l  has  li>r  compiinents 

e  Ow  ~  yv),    e  (yt  -  aw),     e  {av  -  /3"). 
while  the  components  of  the  mechanical  force  due  to  the  elec 
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field  are  A'e,  Ye,  Ze.     Thus  as  the  velocity  of  the  ion  is  proportion«al 
tft  the  mechanical  force  acting  upon  it  we  have 

w  =  ii  (X  -H  I3w  —  jvy 

v  =  R{Y+yU'-aw)    (1), 

w  =  ii  (Z  +  av  -  fiu)^ 

fi  is  evidently  the  velocity  of  the  ion  under  unit  electric  intensity 
when  there  is  no  magnetic  field.     Solving  equations  (I)  we  find 

^  i?X  +  i?  {0Z  -  yY)  4-  R^a  (aX  +  fiY  +7^)^ 
RY+  £P(yX  -  aZ) -f  R'fi {aX  +JY-^yZ) 
^ RZ  +  Ifi  (aY-fiX)  +  R'y  (aX  ^^Y  +  yZ) 


(2). 


The  first  term  in  the  numerator  of  these  expressions  represents 

a  velocity  parallel   and   proportional   to   the   electric   force ;    the 

•^w^ond  term  a  velocity  at  right  angles  both  to  the  electric  and 

•Jiagnetic  forces  and  proportional  to  R^HFain  <f> ;  where  i7,  F,  and 

0  represent  respectively  the  magnetic  and  electric  forces  and  the 

^ngle  between  them ;  the  third  term  represents  a  velocity  parallel 

^^  the  magnetic   force   and   proportional    to   R^H-F  cos  (f).     The 

.  relative  importance  of  these  terms  depends  upon  the  value  of  MH, 

jf  this  quantity  is  small  the  first  term  is  the  most  important  and 

^lie  ion  moves  |)arallel  to  the  electric  force,  if  on  the  other  hand 

RH  is  large  the  last   term    is  the  most  important  and  the    ion 

f'loves  parallel  to  the  magnetic  force.     Since  R  is  the  velocity  of 

the  ion  under  unit  electric  force,  and  the  unit  force  on  the  electro- 

'nagnetic  system  is  lO"**  of  a  volt  per  cm.,  the  value  of  R  for  an  ion 

moving  through  air  at  atmospheric  pressure  would  be  1*5  x  10"^ 

siflce  the  velocity    of  the   ion    under   a   volt   per   cm.    is   about 

1'5  cm.  sec.    Thus  at  atmospheric  pressure  it  would  not  be  feasible 

^<>  get  a  magnetic  field  strong  enough  to  make  RH  large.     As  R 

varies  inversely  as  the  pressure  of  a  gas  through  a  considerable 

range  •)f   pressures   it  might  at  very  low  pressures  be    possible 

to  make  RH  large  and  thus  make  the  ions  travel  along  the  lines 

of  magnetic  force. 

Let  us  take  the  case  of  an  ion  placed  in  a  field  in  which  both 
the  electric  and  magnetic  forces  are  uniform ;  let  the  electric  force 
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52.     If  Ihe  ion  in^teudof  lui 

ving  1 

\f  move  thi-ough  the  molecii 

of  11  gas  is  moving  in  a  vacnum 

,  the  ■ 

path  it  describes  in  a  tinifo 

magnetic  field  is  reiulily  fonnd.     We  shall  first  of  all  take  the  c^ 
when  no  electric  forces  act  npim  the  ion.  then,  sinco  the  only  fo 


achng  a 


9  ion  is  that  due  t 


e  magnetic  n 


IS  nlwajB  at  right  angles  t<i  the  path  of  the  ion,  tht;  velocity  of  the 
Mil  «ilt  be  ctmstant;  again,  ainct;  the  fitrce  is  at  right  angles  to 
ili(  magnt^tic  force,  there  will  be  no  acceleratirm  }>arallel  to  this 
f'tw,  thua  when  the  magnetic  field  is  uniform  the  component 
"I  ifie  velocity  parHllel  lo  the  magnetic  force  is  constant.  As 
le  n^ulbint  velocity  is  cunatont  this  implies  that  the  direction 
■  motion  of  the  ion  makes  a  constant  angle  with  the  magnetic 
If  p  is  the  radins  of  curvature  of  the  path  of  the  ion,  m  its 

bh,  V  its  velocity,  the  force  along  the  normal  is  equal  to  — - ,  but 

if  force  is  eijual  to  Hev  sin  0,  where  H  is  the  magnetic  force  and 
Bthc  angle  between  v  and  H,  e  the  charge  on  the  ion.  thus 


'^"e^ein^' 

IRlis  iiB  r  and  6  are  constant  the  radius  of  corvatuiv  of  the  i)ath 
I  ronslant.  the  path  of  the  particle  is  therefore  a  helix  wound  on 
*  cirpultir  cylinder  whose  axis  is  luirallel  to  the  lines  of  magnetic 
fine,  the  radius  of  the  cylinder  is  p  sin'  ff  or  mv  sin  O/eH*.  If  tin- 
jiuiiule  is  projected  at  right  angles  to  the  linos  of  magnetic  force, 
'hi'  helis  sbrinkfl  into  a  circle  whose  radius  is  mvjeH:  as  the  path 
111  this  case  is  a  closetl  one  the  ion  never  travels  moi-e  than  a  finite 
liwiance  from  its  point  of  projection.  If  the  velocity  of  the  ion  has 
'I  component  parallel  to  the  magnetic  force,  this  component  remains 
witilant  and  the  ion  goes  on  describing  equal  spaces  parallel  to 
ibe  magnetic  force  in  equal  times,  while  in  a  direction  at  right 
uigUs  to  the  magnetic  force  the  velocity  of  the  ion  is  sometimes 
10  udi:  direction  and  sometimes  in  the  opposite,  so  that  the  ion. 
bnwcver  long  it  moves,  never  travels  more  than  a  finite  distance 
ti'in  the  line  of  force.  We  may  thus  express  the  general  features 
i  the  eSect  by  saying  tliat  in  the  magnetic  field  the  ions  tend  to 
tol!>w  the  lines  of  maguetic  force. 

The  preceding  investigation  relatv's  to  the  case  when  the 
:  field  is  constant  and  the  lines  of  magnetic  force  do  not 
r  direction ;  it  is  of  interest  to  sec  whetb<-r  the  ions  will 
lU.  Q.  JWoU*.  Fror.  noy.  Swr.  Mjr.M,  ISTIij,  Wil.  Mag.  v.  2.  p.  369,  1870. 
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('•iiitiiiiic  to  follow  the  lines  of  magnetic  force  when  these  chfti 
thi'ir  direction  from  point  to  point.  We  shall  take  the  special  ca 
wlien  the  lines  of  magnetic  force  are  circles  round  the  axis  of  i,t 
Hi'M  being  that  due  to  a  current  i  flowing  along  this  axis ;  in  t 
i;isi>  if  a.  |S.  7  are  the  comiwuents  of  magnetic  force  at  a  po 
wliiisc  coordinates  are  .r,  y,  z. 
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i  electric  ch.irgi-,  w« 
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tlu-Sf  ! 


Mil'  V  is  tlif  wlocitv  I'f  projectirai  of  thf  ion ; 
■",7,- -'*.-»■ 

Tims  il  ^  aiul   I'  ;tiv  Ihe  polar  coordinatfs  of  the  ion  in 
iriL'  .n/. 


whrii.-  C  is  ;i  (jiinstiuit:  thus  the  orbit  .if  the  ion  in  the  plan 
.'■(/  (K  that  of  a  particle  nf  mass  m  acted  im  by  a  central  atti'uc 

fiiive  .■<|aal  t"  f       '   hf^  p  +  2eiV]l p. 
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Since  f;^)  is  essentially  positive, />  will  always  lie  between  the 
gr^test  and  least  roots  of  the  equation 

m 


Iogi2  =  |K'--^f  -C, 


SO  that  the  ion  will  always  remain  at  a  finite  distance  from  the 
axis  of  z, 

54.  Let  us  consider  some  special  cases.  Let  the  ion  be  pn^- 
jected  fix)m  the  point  p  =  a  parallel  to  the  lines  of  magnetic  force : 
then  since  dz/dt  =  0  when  />  =  a,  we  have 

dz     2^' ,      p 
at       m     ^  a 

and  h  =  Va, 

from  this  equation  we  see  that  p  can  never  be  less  than  a,  and  thus 
the  velocity  parallel  to  the  axis  of  z  never  changes  sign :  again  p 
never  exceeds  the  value  it,  given  by  the  equation 

-log-=F(^l.^,j     (!)• 

R  =  a  satisfies  this  equation,  but  there  is  another  root  great<*r 
than  a ;  it  is  this  root  which  is  the  maximum  value  of  p. 

Thus  in  the  plane  at  right  angles  to  the  axis  of  z  the  ion 
circulates  in  an  orbit  included  between  the  circles  />  =  a  and  p  =  R\ 
and  thus  again  the  ion  moves  in  the  general  direction  of  the  linens 
of  magnetic  force,  although  in  this  case  there  is  a  drift  of  the  ions 
parallel  to  the  axis  of  symmetry  of  the  magnetic  field.  If  V  is 
small  compared  with  ^eijm,  the  solution  of  the  equation  (1)  is 

ii  =  a(l  +  a 
^vhere  f  =  ^r—^, — . 

111  this  case  the  maximum  velocity  parallel  to  z  is  V.(V/ei)if) 
and  is  thus  small  compared  with  V,  Thus  the  smaller  the 
velocity  of  projection  and  the  stronger  the  field  the  more  nearly 
does  the  path  of  the  ion  coincide  with  a  line  of  magnetic  force. 


'31  CC 
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l.\    *^^    1^^  1'     ^»=*-    ~ii»r    J. a    2?   pn-^rciftEd   from  p^a  mt 
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.  ■<■    ;:  ir    :i-    ..-   -r   :»:  ^-ra^Trr  -  TzsirrnraZj  inan  T,  hence  if  F 

^  z.tr-r.rr  be  zneater  than  a. 


^'    /» 


:-.K    ^-t*;-    jrz-srr^i.  xi:.:-::   j     *H!i_a:>=i?  arv   -j  azmI  ac  '^i  the 

.••^l*  -*  i  ':■-■  •Tr-'i  .ci»T  tz«:  :i=>  izz-rrJirX'  c:?  jbT^  T^ery  small  if  F  is  small 

r.'.'ji..'^:  -v.'.:.  >■     '      I:  ^  i^i  ^   >••  i::^  -C  rppirtste  signs  then  ve 

^  •.  'V.-^-  "/L-i"  -;  >  i-~-r  .e^e  'liiz.   :  :kzii  Ttkri-r^  luetween  a  and 


.A 


'      »»■• 


■/">:':    e.r;\     -r.  •':."'    »'  i«iri_-r.  '•    J  fr.ci  J  =  J.  in  ihis  case  agaii^ 


r..'.<.v^  r'z  ;•  r^-r.  L-.-. -r  V»r  irr^r-iT^r  n-HrrrKailT  than  I",  ire 

'>rr/,t   t.-   ;r.   •.:.-   pL^n--   •.hrj:ia:h   :::-  ;vsi<  y^i  z  and  the  point 
pfrfWrtiOf..     I:   :h-:   ifi^zn-r:::  5vld  is  very  <tTv«ig  and  theiefo 
w*  r  1^'  ^rr*-ill.  :>  '>  al-aray^  very  nearly  ei^nal  to  ^^ :  let  it  eqi 
</'J  -^^»    '/if  •-tj-^ti'-rJL-  ar*r  thru  appr*>xiiia;\:ely 


^ 


th':  v/iution  '/f  these  L* 


^  .    fit  t    \ 

-:  =  —  fl-i  cos t. 

a  m 

Hint:*:  V^a-^  when  f  =  0,  a^  =  V  —  ^.  =  -77- 

di  e  2%      He 

iriagn^ic  force  at  the  point  of  projection.     Thus,  as  we  might 


,  where  H  is  the 
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ive  expected,  the  path  in  this  case  is  a  circle  whose  radius  aA  is 
0qiial  to  ( VIH)  (m/e). 

We  see  from  the  consideration  of  the  variable  field  as  well  as 

fipom  that  of  the  constant  one  that  the  ion  will  tend  to  follow  the 

lines  of  magnetic  force,  except  in  the  very  special  case  when  the 

eiitamstances  of  projection  are  such  that  the  ion  during  its  motion 

always  cuts  the  lines  of  magnetic  force  at  right  angles. 

Motion  of  an  iati  under  the  joint  action  of  electric  and 

magnetic  forces, 

66.  We  shall  now  investigate  the  motion  of  an  ion  when  it 
is  acted  on  simultaneously  by  both  electric  and  magnetic  forces ; 
we  shall  take  the  case  when  both  these  forces  are  constant.  Let 
the  axis  of  ^  be  parallel  to  the  direction  pf  the  magnetic  force, 
and  the  plane  of  xz  parallel  to  the  direction  of  the  electric  force. 
Let  fl"  be  the  magnetic  force,  X,  0,  Z  the  components  of  the 
electric  force,  then  if  m  is  the  mass  of  an  ion,  e  its  charge,  and 
«",  y,  z  its  coordinates  the  equations  of  motion  are 

-S=^«-^4l ^•)- 

rf'y         rr     dx 

^5^  =  -^^  <-^^- 

From  equation  (3)  we  have 

z=\-i?^xvji (4), 

1  tn  ^ 

^vhere  w^  is  the  velocity  of  projection  parallel  to  z,  the  origin  of 
Coordinates  being  supposed  to  be  taken  at  the  point  of  projection. 

From  equations  (1)  and  (2)  we  have 

X 

y^c-h-^t-hA  cos  0)^4-  2^  sin  (ot     (5), 

A  =  a  —  -4  sin  a>^  +  i^cos  cot   (6), 

where    a,  c,  A   and   B  are   arbitrary  constants   and   cd  =  Hejin. 
Writing  equations  (5)  and  (6)  in  the  form 

X 

y  --c^^  —rf  o)t  +  A'  cos  ((ot  —  a), 

x  —  a^''-  A'sin  {<ot  —  a) ; 
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w-  «-,-  that  th.-  pn^tioR  of  the  patl^nf  the  ion  on  the  pJiaeJ 
<it'  .'-'/  if  a  tnvh-nd,  generated  bj-  a  circfe  whose  radius  in  J/«2^ 
rolling  on  a  line'  peipendictilar  lo  the  electric  fc«<^e,  the  distanoe 
of  th>?  tracing  joiint^finni  the  p«-ntr^  of  the  rolling  circle  being  ^'. 
Since  the  av-  rage  value  of  the  periodic  term§  tends  tii  v»nish 
whin  the  lim.'  over  which  the  average  extends  la  large  com[iiir*^ 
"ith  I  w.  n  I  -.-.■,  firom  «niatiotis  (5)  anil  (8).  that  the  eijiiutiftm 


^\w    ihe   ;\\L'nig  ;   ion.  and   that   the  avemge 

vi'loiiiy  jiaralUI  (•  that  parallel  to  j-  vaiiish«& 

A-  the  velixitv  i  time  (is  -     t  +  w,  w.-  »*  lh»l 

-  '  m 

if   /  is  finite   thi  to  e  will  ultimately  bwww 

inliiiiti'   compared  ui^ita  parallel   to   the   fltiitf 

;ixes,  thus  in  thia  .11  nltimately  move  along  the 

linos  I'f  ni:y,nieni-  force:  we  must  [■eineiiiliei-  li'uvi.'vcr  thai  ilii^ 
f.'asiiiiinf,'  only  iipiilies  when  the  electric  field  has  a  finite  cim- 
IMiii.'Dl    in  this  diieetioii. 

If  we  <teteniiine  thi-  constants  in  (5)  and  (6)  in  terms  of  r,. «« 
rhi'  initial  vahies  "f  the  components  of  the  velocity  of  projection 
of  the  ion  jwrallel  to  the  axes  of  ?/  and  x  respectively,  we  have 
the  I'l'igii)  being  taken  at  the  point  of  projection, 

!,^yi-cu^,^t)  +  fjt  +  (v..-^y-^ino>t     (7,, 

.'■  =  (^J-r„)^(l-cos(„0  +  ^sin™( ^81- 

If  X~0,  i.e.  if  the  directions  of  the  electric  and  iiiagiieti 
loi-ceN  coincide,  w<;  have 


thus  the  projection  of  the  {>ath  of  the  ion  on  the  plane  of  ay  i 
a  circle  and  the  path  of  the  ion  is  a  helix  of  gradually  increasin 
|iiteh  with  its  axis  parallel  to  the  lines  of  magnetic  force. 
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If  Z=0,  t.e.  if  the  electric  force  is  at  right  angles  to  the 
etic,  and  if  in  addition  Uo,  Vq,  Wq  all  vanish,  we  have 

X 
y  =  —^{fot  —  sin  tot), 

X  =  — rf  (1  —  cos  mtX 

This  is  the  equation  to  a  cycloid,  the  radius  of  the  generating 
ciide  being  XjmH  or  Xm/eH\  the  line  on  which  it  rolls  is  per- 
pendicular to  the  electric  force.    The  greatest  distance  measured 
in  the  direction  of  the  electric  force  which  the  particle  can  get 
from  its  point  of  projection  is  2Xm/eH*;  the  average  velocity 
in  this  direction  is  zero  while  the  average  velocity  parallel  to  y, 
is,  m  the  direction  at  right  angles  both   to  the  electric  and 
nuignetic  forces,  is  finite  and  equal  to  X/H.    If  the  ion  were 
ptojected  with  the  velocity  w  parallel  to  the  axis  of  z  it  would 
i^Btain  this  velocity  unaltered  and  the  average  direction  of  motion 
^  the  ion  would  be  at  right  angles  to  the  electric  force  and  along 
*  line  making  an  angle  \Air^XlwH  with  the  direction  of  the 
'^lagnetic  force. 

66.  If  t£o  =  0  and  Vg  =  XjH  we  have  by  equations  (7)  and  (8) 

a?  =  0. 

Thus  in  this  case  the  path  of  the  ion  in  the  plane  of  xy  is  the 
^^me  as  if  there  were  neither  electric  nor  magnetic  forces  acting 
^^)on  it:  the  force  Xe  acting  on  the  particle  due  to  the  electric 
^^Id  is  in  this  case  just  balanced  by  the  force  Hevo  due  to  the 
^^iagnetic  field. 

67.  Returning  to  the  general  case  represented  by  equations 
(7)  and  (8)  we  easily  deduce  that  the  maximum  velocity  F  parallel 
to  the  plane  of  xy  attained  by  the  ion  is  given  by  the  equation 


V^% 


J+H+S-^^T' 


thus  until  Wo  and  Vq  are  comparable  with  XjHy  the  maximum 
velocity  attained  is  very  approximately  2XjH  and  is  independent 
of  the  velocity  of  projection,  and  the  charge  and  the  mass  of 
the  ion. 

T.  a.  ^ 
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The  maximum  displacement  f  measured  parallel  to  the  diw- 
tion  of  the  electric  force  is  given  by  the  equation 

and  thus  until  m„  and  v^  become  comparable  with  X/H,  the  datancf 
travelled  by  the  ion  parallel  to  the  linea  of  electric  force  trill  bt 
very  approximately  independent  of  the  velocity  of  projection « 

the  ion.  ~ "^~  ' 

If  f  <  f  1  >  ?a  "•  isplacemente  corresponding  >» 

the  electric  fore  nagnetic  force  being  the  sm 

throughout,  we  eding  equation  that 


"»«-{,) 


«(f-f.) 


;f.-f,) 

■.-f,)+.5-,(f-f,)+X,(E,-|, 


.;t,'-f,') 
+-?',f,{p-f.')+«.({,'-f'))- 

The.Sf  equations  supply  a  method  for  finding  ejm  and  the  veloci 
of  projection  of  the  ion. 

If  the  charged  particles  are  projected  from  the  plane  a;  =  0 
all  directions  with  a  constant  velocity  v  the  distances  they  w 
tr!L\t.-l  front  this  plane  will  vary  between 

The  smaller  value  is  the  distance  reached  by  those  partic 
which  are  projected  jwirallel  to  the  plane  in  the  direction  for  wh 
the  force  on  the  moving  particle  due  to  the  magnetic  field  tei 
towards  the  plane,  the  larger  value  is  the  distance  travelled 
jhirticles  projected  parallel  to  the  plane  in  the  opposite  directi 

If  there  is  a  second  plane  at  a  distance  d  from  the  ph 
of  projection,  then  with  a  constant  magnetic  field  all  the  partit 
will  reach  the  second  plane  v/hen  the  electric  tbrce  X,  is  equal 
or  greater  than  the  value  given  by  the  equation 
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\   while  none  of  them  will  reach  the  plane  if  the  electric  force  Z.^  is 
€qiial  to  or  less  than  the  value  given  by  the  equation 

-    from  these  equations  we  get 

„_,(X.-X.)       _e_(Z,  +  Z,) 

With  a  constant  electric  force,  all  the  particles  will  be  prevented 
i     leadiing  the  second  plane  if  the  magnetic  force  H^  is  equal  to  or 
T    greater  than  the  value  given  by  the  equation 

while  none  of  them  will  be  stopped  by  a  magnetic  force  H^  equal 
to  or  less  than  the  value  given  by  the  equation 

,      2m  /Z        \ 

fit)m  these  equations  we  get 

Z(g,-g,),      e  ^    2X 

These  results  may  be  applied  to  find  t;  and  ejm. 

68.  The  case  when  the  electric  and  magnetic  forces  are  at 
light  angles  to  each  other  is  a  very  important  one  as  it 
includes  the  fields  produced  by  electric  waves.  In  these  waves 
the  electric  and  magnetic  forces  are  not  constant  but  in  the  case 
of  a  simple  harmonic  wave  may  be  taken  as  proportional  to  co^pL 
When  the  waves  are  all  divergent  the  electric  force  is  equal  to 
V  times  the  magnetic  force,  where  V  is  the  velocity  with  which 
the  electric  waves  travel  through  the  medium.  Thus  if  the 
direction  of  propagation  of  the  wave  is  parallel  to  the  axis  of  y 
and  if  the  magnetic  force  is  parallel  to  the  axis  of  z  and  equal  to 
H^  cos  0^  the  electric  force  will  be  parallel  to  the  axis  of  x  and 

equal  to  VH^ cos  0  where  0  ^pit  ^^\.   The  equations  of  motion 

of  a  charged  particle  acted  on  by  this  electric  wave  are 


m 


d^y  __    dx 
d^^^  di 


m  -T^  =  e  77  Ho  COS  0. 
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From  thewr  equations  we  have,  if  rf«/df  and  0  vanish  simul- 
taneously, I 
fir       e  V  „    .     .  ^m 

-T  = f  ,  Sin  6,  ^^H 

at      m  p  ^^H 


9  =  0. 


From  the  analogy  of  the  second  of  these  equations  with  that 

representing  the  '"         '      ■'■    "le  pendulum  we  see  that  the 

character  of  the  .  9  will  depend  upon  the  value 

of  H^jpm ;  if  thi  e  the  average  velocity  of  the 

ions  parallel  in  x  that  parallel  to  y  will  be  equal 

to  V :  thus  tile  w  ise  carry  the  charged  particles 

along  with   it.     ^  «/pfn  ia  a  small  quantity  tbfi 

effect  of  the  wave  oee  on  the  undisturbed  motion 

a  small  vibratory  i  the  electric  force  in  the  rave 

and  thus  at  right  tion  of  propagation. 


CHAPTER  V. 

DETERMINATION  OF  THE  RATIO  OF  THE  CHARGE  TO 

THE  MASS  OF  AN  ION. 

69.    The  value  of  e/m — the  charge  on  an  ion  divided  by  it 
nia»— has  been  determined  by  the  application  of  some  of  the 
results  discussed  in  the  preceding  chapter.     The  first  case  we 
shall  consider  is  that  of  the  ion  in  cathode  rays. 

Cathode  rays  are  the  streams  which  start  from  the  cathode  in 
a  highly  exhausted  tube  through  which  an  electric  discharge  is 
passing;  they  produce  a  vivid  phosphorescence  when  they  strike 
against  the  glass  of  the  tube.  In  the  chapter  on  cathode  rays  we 
shall  give  the  evidence  which  leads  us  to  the  conclusion  that 
Jihey  consist  of  negatively  electrified  particles  starting  from  the 
^neighbourhood  of  the  cathode  and  moving  with  a  very  high 
velocity  along  straight  lines.  Assuming  that  this  is  the  nature 
of  the  cathode  rays  we  shall  show  here  how  to  determine  the 
velocity  of  the  particles  and  the  value  of  e/ni.  Suppose  that  we 
We  a  highly  exhausted  tube  of  the  pattern  shown  in  Fig.  27. 


OF- 


Pig.  27. 

In  this  tube  C  is  the  cathode,  A  the  anode,  jB  is  a  thick  metal 
^  connected  with  the  earth,  slits  a  millimetre  or  so  in  diameter 
^  bored  through  the  middle  of  the  disc  and  through  the  anode ; 
"oioe  of  the  cathode  rays  starting  from  the  neighbourhood  of  the 
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cathode  piiss  through  these  holes,  thus  in  the  |>art  of  the  tube  to 
the  right  of  the  disc  wc  have  a  pencil  of  negatively  electrified 
particles  travelling  along  straight  lines  parallel  to  the  line  joining 
the  holes  in  the  discs,  the  place  where  these  pwtictes  strike  tbe 
glass  is  marked  by  a  patch  of  bright  phosphorescence  p.  Suppose 
T30W  that  the  tube  is  placed  in  a  uniform  magnetic  field,  the  iinesof 
foi-cebeirjg  at  right  angles  to  the  path  of  the  ions,  the  paths  of  the 
ions  will  now  be  circle^  the  radii  of  the  circles  being  (see  p  108) 
rnvjeH,  where  vi  ii  n,  c  its  charge,  v  its  velfflatj". 

and  H  the  streng  field.     The  place  at  whwb 

these  pai'ticles  sti  o  longer  be  at  p  but  at  aome 

other  point  p',  thi  eing  at  right  angles  tfl  tie 

magnetic   force.  of  a  circle  of  which  op  i* 

a  tangent,  we  ha' 


whei-e  R  is  the  rad 


eH' 


PP 


If  the  magnetic  field  is  not  uniform  we  may  proceed  as  follows, 
nee  p  the  radius  of  curvature  at  any  point  of  the  path  of  the 
n  is  given  by  the  equati')n 

]      He 


and  since,  when  the  piith  of  the  ion  is  fairly  flat,  Ijp  is  very 
approximately  eqiuil  to  dh/jda!',  where  y  and  x  are  the  coordinates 
of  the  ion,  x  being  measured  along  the  imdistnrbed  path,  and  y  at 
right  angles  to  it,  we  have 

dH)  _  He 

daf      VIII ' 


so  that 


PP 


—  ('^[nHdx]dx  . 

vm  Jo 


-.(1). 


pp'   and   know   the   distribution   of   tht 
magnetic   force  H  along  the   tube    we   can  from  this   equatioi 


-  '  Oh'   AN    ION'.  ^^^H 

mine  the  vi\\w-  nf  e'mit.  This  gives  us  h  relation  between  » 
am]  m/e.  We  can  (tetermme  v  in  the  following  wny  ;  two  parallel 
tupUI  plate«  I)  and  E  ore  placed  in  the  tube,  the  plates  being 
ptmlk)  (''>  the  lines  of  magnetic  force  and  ]>ara)lel  also  to  the  un- 
diMarl^ed  path  uf  the  rays ;  these  platee  are  maintained  at  a  known 
difference  of  potential  by  connecting  them  to  the  terminals  of  a 
IWU-ry.  Thus  we  have  an  electric  field  between  the  plates  the 
'if  force  of  which  are  at  right  angles  to  the  lines  of  magnetic  foi 
ind  to  the  direction  of  motion  of  the  ions ;  this  electrostatic  forcAl 
Ftends  to  deflect  the  ions,  the  force  acting  on  an  ion  being  Ye : 
Ik  force  due  to  the  magnetic  field  acts  in  the  same  straight  line 
ind  is  equal  to  ffev.  Adjust  the  sign  of  the  difference  of  potential 
99  thai  the  electric  and  magnetic  forces  tend  to  oppose  each  other, 
then  keeping  one  of  the  forces  fixed,  say  the  electric  force.  alb»! 
the  value  of  the  other  until  the  two  forcea  just  balance,  this  si 
CMi  be  ascertained  by  observing  when  the  phosphorescent  patch 
is  restored  to  its  undisturbed  position.  When  this  stage 
Pfachwi  we  have 

Ye  =  Hef', 

^-l <2)-; 

Thus  by  measuring  YjH  we  can  determine  the  velocity  < 
tW  ions  composing  the  cathode  rays,  As  we  know  e/vni  froii 
'^f-  e)(])eriments  on  the  magnetic  deflection  we  can  deduo^ 
the  Vftlues  of  both  ejui  and  v.  Equation  (2)  depends  upon  tht 
**iiriiption  that  both  the  magnetic  and  elective  fields  are  uniform,  J 
^  this  condition  is  not  fulfilled  we  must  proceed  as  follows. 
i^upfKwe  that  p"  is  the  displaced  position  of  p  when  the  electric 
field  alone  in  iicting  on  thf  rays,  then  we  can  prove  without 
difficultv  that 


'^"^.Vi/r^^"''*''^^'''^   *^^' 


UDce  if  we  know  the  distribution  of  the  electric  field  and  I 
'^laeofpp"  we  can  by  equation  (3)  find  the  value  of  e/u*n 
WKn  by  e(|untioQ  (2)  we  can  determine  ejvm  we  have  the  dati 
for  determining  both  v  and  e/m. 

In  order  to  apply  this  method  it  is'necessary  that  the  pressure 

I  the   discharge   tube  in  which  the  rays  are  produced 

\_  the  possi^  uf  cathode  rays  through  a  gas 
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make«  it  a  cixjuctor  and  thus  as  Uie  rays  are  shielded  from  the 
elecircetatii:  field  b^  the  gas  throtigh  which  they  move  the  electro- 
static repuUion  is  banlly  appreciable :  if,  however,  tht  preasuK  of 
the  gas  is  \->rTy  low  the  conductivity  of  the  gas  is  so  smali  tliat 
there  is  hardly  any  appireciakle  shielding  effect  and  the  deflection 
]»R^iiced  bv  the  electric  field  is  easily  observed. 

If  the  pressure  of  tbe  gas  through  which  the  charged  particifs 
pass  is  not  exce-^™'^''  •""■  f^""  ™locity  of  the  particles  will  be 
reduced  by  colli)  ales  of  the  gas ;  to  investigiie 

this  effect  let  u  velocity  of  the  particle  after 

traversing  a  dis  p,r*.     The  equation  giving 

p,  the  magnetic  »rtic1e,  will  be 


ve  have 


I 


He  .("-l       N 

If  the  iKirticle  travels  thi-ough  the  unifurin  field  for  a  distant 
I  and  tlifn  through  a  distance  d  under  no  magnetic  force,  befoi 
i-enching  the  s^-reon,  the  deflection  at  the  screen  will  be 


or  if  W  be  small 

He 


If  z  be  the  tieflection  due  to  the  electrostatic  force  X  we  ha 
d-z     Xe  _ 


thus 

Again, 


'H'-' 
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Hence  if  as  before  the  particle  travels  through  a  distance  I  under 
ft  constant  electric  force  X  and  then  for  a  distance  d  under  no  force, 
f  the  deflection  on  reaching  the  screen,  will  be  given  by  the 
eqnation 

hence  we  have 


+  d 

Thus  the  effect  of  the  retardation  of  the  rays  by  the  gas  will 
be  to  make  the  value  of  e/m  given  by  the  uncorrected  expression 


MS'd--') 


too  small.  In  a  fairly  good  vacuum  the  correction  is  small ;  thus  if 
the  gas  in  the  tube  is  air  at  the  pressure  *01  mm.,  k  for  particles 
moving  with  a  velocity  of  3  x  10*  cm./sec.  is  about  0085. 
On  the  other  hand,  the  residual  gas  will  tend  to  make 
the  electrical  force  in  the  part  of  the  space  between  the  plates 
traversed  by  the  rays  less  than  V/D  where  V  is  the  potential 
difference  and  D  the  distance  between  the  plates ;  thus  if  we  put 
^-VjD  in  the  above  equation  the  value  of  e/m  would,  if  any 
J^idual  gas  were  present,  tend  to  be  too  large. 

Using  this  method  the  author  in  1897*  obtained  the  values  for 
^  and  6/m  given  in  the  following  table  :  the  first  column  contains 
the  name  of  the  gas  filling  the  tube :  the  different  numbers  given 
Mer  one  gas  relate  to  experiments  made  at  different  pressures. 


Gas 


Air.. 
Air.. 
Air.. 
Air* 


mje 


Gas 


2-8  X  10» 
2-8  X  10» 
2-3  X  10» 
3-6  X  10» 


1-3x10-7 
11  X  10-7 
1-2x10-7 
1-3x10-7 


Air*   2-8x108 

Hydrogen       2*5  x  W 
Carbonic) 


mje 

1-1x10-' 
1-5x10-7 


acid . . .  ( 


2-2xl0»   !   1-5x10-7 


The  mean  of  the  values  of  m/e  is  1*3  x  10~7  or  e/m=  77  x  10^ 
We  see  too  that  within  the  limits  of  the  errors  of  the  experiments 
the  value  of  e/m  is  the  same  whether  the  tube  be  filled  with  air, 
hydrogen  or  carbonic  acid,  so  that  it  does  not  depend  upon  the 

*  J.  J.  Thomson,  Phil  Mag,  v.  44,  p.  293,  1897. 
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nature  of  the  gaa.  Thia  result  was  first  obtained  by  the  wr 
by  anotlitT  method  ;  the  pressure  in  the  dischArge  tube 
adjusted  so  that  the  potential  difference  between  the  elect 
in  the  discharge  tube  was  the  same  for  all  the  gases  tried ;  \ 
graphs  WLTe  taken  of  the  rays  when  deflected  by  a  coi 
magnetic  field  and  from  these  it  was  found  that  the  deflectec 
occupied  the  same  position  whether  the  gas  iii  the  tubt 
hydrogen,  air,  carbonic  acid  or  methyl  iodide  ;  these  gases  ^ 
wide  range  of  snaity  of  methyl  iodide  is 

70  times  that  constancy  of  the  value  of  e^ 

the  ions  whicl  hode  rays  is  in  striking  co: 

with  the  varia  ending  quantity  in  the  iona 

ciu-ry  the  cum  electrolytes.     Experiments 

made  oii  the  e&  t  metal  of  which  the  cathod 

riiadc' :  tlif  esp  unth  an  asterisk  in  the  prec 

table  were  vot  electrodes,  all  the  others 

made  nith  alomfi  it  wilt  be  seen  that  the  val 

e  III  ait;  the  same  in  the  two  cases.  A  further  series  of  exporii 
lai  this  point  has  been  made  by  H.  A.  Wilsont.  who  used  cat 
madt.'  of  aluminium,  copper,  iron,  lead,  platinum,  silver,  tii 
nine,  and  found  the  same  value  lor  e/vi  in  all  cases. 

If  we  compai-e  the  value  of  e/iii,  viz.  7'7  x  10*  for  the  ions 
c;Hho<le  rays,  with  the  value  of  the  corresponding  quantity  fi 
ions  which  carry  the  cun-ent  thi-ough  liquid  electrolytes  w 
lod  to  some  very  interesting  conclusions  ;  the  greatest  value  t 
in  the  case  of  liquid  electrolysis  is  when  the  ion  is  the  hyd 
ion,  ill  this  case  e'm  is  about  10*.  When  we  discuss  the  el 
charge  carried  by  the  ion  in  the  cathode  rays  we  shall  fiufi 
it  is  equal  in  magnitude  to  the  charge  cairied  by  the  hyd 
ion,  in  liquid  electrolysis;  it  follows  then  that  the  mass  c 
hydrogen  ion  must  be  770  times  that  of  the  ion  in  the  ca 
I'ays;  hence  the  carrier  of  the  negative  electricity  in  thes< 
must  be  very  small  compai-ed  with  the  mass  of  the  hydrogen 
We  shall  return  to  this  point  when  we  have  studied  other  j: 
iiiena  involving  gaseous  ions. 

60.  Kaufmann*  ha.s  introduced  a  method  by  whic! 
deflections  duo   to    the   electric  and   magnetic   force   take 

•  J.  J.  ThoniBoii,  Proc.  Camb.  Phil.  Soc.  ii.  p.  243,  1897. 
t  H.  A.  Wilson,  Prof.  Camb.  Phil.  Soc.  ni.  p.  179,  1901. 
;  Kaufmanu,  Grittiiiffen  Nach.  Nov.  8.  1901. 


59-61]  THE   CHARGE  TO  THE   MASS  OF  AN   ION.  123 

simultaneously  and  can  be  measured  with  great  accuracy.  A  photo- 
graphic plate '  is  placed  at  right  angles  to  the  path  of  the 
undeflected  rays  and  the  electric  and  magnetic  fields  are  arranged 
so  as  to  produce  deflections  in  directions  at  right  angles  to  each 
other.  Suppose  the  magnetic  field  produces  a  vertical,  the  electric 
a  horizontal  deflection.  Let  0  be  the  point  where  the  undeflected 
rays  strike  the  plate,  then  if  all  the  rays  have  the  same  velocity 
the  deflected  rays  will  strike  the  plates  at  a  point  (/,  the  vertical 
distance  between  0,  (/  will  be 


and  the  horizontal  distance 

iXe 


ii*')- 


c      Ji-.  +  d 

hence  if  we  measure  these  distances  on  the  plates  we  have  the 
means  of  determining  v  and  e/m.  If  the  particles  have  different 
velocities,  then  when  the  rays  are  deflected  we  shall  have  instead 
of  one  point  0',  a  number  of  points  Oj,  Og.  0,;  by  measuring  the  dis- 
placements of  these  points  we  can  determine  the  various  velocities 
of  the  particles  and  the  values  of  e/m.  We  shall  consider  later  how 
Kaufinann  applied  this  method  to  find  the  effect  of  the  velocity 
on  the  value  of  e/m  for  particles  whose  velocity  is  comparable  with 
that  of  light. 

Ions  in  Lenard  rays. 

61.  Lenard*  has  determined  by  the  method  described  in 
Art.  59  the  velocity  and  the  value  of  e/m  for  the  Lenard  rays ; 
these  rays  are  cathode  rays  which  have  escaped  fi'om  the  discharge 
tube  through  a  window  of  very  thin  aluminium  foil.  In  his  experi- 
ments the  rays  after  escaping  fi*om  the  discharge  tube  entered  a 
highly  exhausted  vessel  where  they  were  deflected  by  electric  and 
magnetic  forces  in  the  way  described  in  the  preceding  article :  the 
r^ults  of  these  experiments  are  given  in  the  following  table. 


V  cm.  /sec.         '  e/m 

6-7  X  10®  ;         6-49  X  W 

7     xlO®  •         6-32  xl0« 

8-1  X  10»  ;         6-36  X  10*' 

I J 


*  Lenard,  Wifd,  Ann.  xliv.  p.  279,  1898. 


.2^i 


:j9rrjatr: : «. r 


i*nf 


l^ 


7.'-      '.-.••A/,    y  ••f       i.:ir*      r   -#    f*     ii 


t:raeE  of 


UA 


rrji 


e»i  3  r  lis  zfntoBt  B 


n 


KiK.  IW. 


a<^rth 


'riiti  iiiyn  lilliM  nulling  lhrouf(h  the  window  A  pass  through  smi*^-^ 
liitliui  111  l.wii  |Mirnllnl  rinMiliir  inrUllic  plates  C,  and  C,;  of  these  C^T^ 
In  iiIwh^n   ki»|il  iMiiinrrtiMl   witli    the   earth,  while  C^  is  charged^ 

INMlMvuly  III'  lM«K*^tivnl,Y  l\v  niraim  of  an  electrical  machine;  after 
tilivill||  I'lilM  ountlonmir  th(«  nivH  )nihh  bt^tween  two  plates  M,  used 
Air  linHlnuili^  IIh^  rlmMniNtntir  dofl(H*tion,  on  to  a  screen  S\  the 
ltMl<l<|i||  |(|lit|i«  liiUlitl  M  n^pit'm^nt'S  thi*  coil  used  for  producing  the 
iUH|illitMit  lIutliHMiitn.     TIh^  voltHMtios  of  the  ions  were  measured 
(I  I   wll«HI    l'lh»   pluti^  of  thr   rondonsiT   C^C^  were  at  the  same 
|Mi|4>mMhIi  (V^  y<\\s>\\  th(\v  wt^iv  luainUuntHi  at  different  potentials;  it 
**•  h\\\\\\  I'Iml'  \\\\f>\\  ll»**  1>I»^<^'  ^\  ^^'W  nogatively  electrified  the 
^Mliy  (u  (HMH«  1'^  ^'1^  l^*'^  ^'^^^^  ^^^^  "^  ^^^*  while  when  the  plate 
"VMi  UMlilklvi^lj^  oUn'tritliHl  it  wh8  grt^iter ;  if  i\  is  the  velocity  of 
Ih|W  iu  VMMi  \\\  ^  that  iu  oas^^  v«^«  ^^^'^^  lu^uming  that  the 


«  l#|^nl,  M'uU.   (M««  \tv.  |K  34H«  l«^9(^ 
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whole  change  in  the  energy  is  due  to  the  action  of  the  electric 
field  we  have 

hn(v.i-v,^)  =  eV (1), 

irhere  V  is  the  potential  difference  between  the  plates,  V  being 
taken  positive  when  C7,  is  at  a  higher  potential  than  (7i.  The 
lesolts  of  Lenard  s  experiments  are  given  in  the  following  table, 
the  fourth  column  contains  the  value  e/m  calculated  by  equation 


v,(em./8eo.) 

V,  (cm. /sec.) 

V  (eleotromagnetio 
units) 

elm 

6-2  X  10« 
8-1  X  W 
6-9  X  W 
6-4  X  10« 
6-6  X  10« 
6-5  X  10« 

•7  xlO^o 
•68xlO»o 
•62xlO»« 
•77  X  10><> 
•79xl0»« 
•88xl0»« 

•35  X  10»» 
•34  X  10»» 
•89xlO»o 
•47  X  lO^o 
1-0  xlO>o 
1-O7xl0»o 

-  291  X  wo 
-210xl0i» 
+291  X  10^0 

,  -  291 X  10»« 
+291  X  10^0 

;         +291xlO»o 

The  constancy  of  the  value  of  e/m  is  a  strong  confirmation  of 
the  truth  of  the  theory  that  the  rays  are  charged  particles  in 
rapid  motion. 

Method  of  determining  the  value  of  e/m  and  v  by  ttieasuring 
the  energy  carried  by  the  cathode  rays. 

62.  Many  other  methods  have  been  employed  to  measure  e/vi, 
Oiie,  used  by  the  writer*,  was  to  measure  the  energy  carried  by 
the  rajrs.  To  do  this  a  narrow  pencil  of  rays  passed  through  a 
sniall  hole  in  a  metal  cylinder  and  fell  upon  a  thermo-couple,  the 
couple  was  heated  by  the  impact  of  the  rays,  and  by  measuring  by 
means  of  a  galvanometer  the  rate  at  which  the  temperature  of 
the  junction  increased,  the  amount  of  heat  communicated  to  the 
junction  in  unit  time  was  determined,  let  us  call  this  amount  Q ; 
then  if  we  assume  that  all  the  energy  possessed  by  the  cathode 
lays  is  converted  into  heat  we  have 

where  i^Tis  the  number  of  particles  which  enter  the  cylinder  through 
the  hole  in  unit  time,  m  is  the  mass  and  v  the  velocity  of  a  particle. 


*  J.  J.  Thomson,  Phil,  Mag,  v.  44,  p.  298, 1897. 
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If  e  in  the  charge  of  the  ion,  then  in  each  unit  of  time  -J^unitB 
of  ni'^'Htive  (;lectricity  will  ent<T  the  cylinder:  the  rate  at  which 
tin*  negative  charge  increases  ain  easily  be  measured  if  the 
rylindcr  is  insulated  and  connected  with  an  electrometer ;  let  £ 
l»r  tlu^  rati!  of  increase  of  the  negative  electricity  inside  tie 
cvlindrr.  thru  we  have 

Ne  =  E. 

Kliininatiiig  X  from  these  equations  we  get 

1  in    ..      Q 
He         E 

If  wr  ohsrrvf  the  magnetic  deflection  produced  by  a  known 
iiiii^'iirlic  fu'hl  \\v  determine  mr/e,  hence  since  we  have  just  seen 
how  to  drU'rmine  mv^e  we  can  deduce  the  values  oft;  and  m/e. 

Thi'  rrsnits  nf  experiments  made  in  this  way  are  shown  belo^* 


I 

'  (liiH  r  '  elm 

I 


■i- 


Air 2-4xl0»  !  I'l  x  10^ 

I     Air i  3-2xlO»         |  1-4x10^ 

,      llydnif^Mi  2-5x108  \  \-Ox\C^ 


I 


'I'lu-  in«>an  oC  tlio  vuluos  for  eitn  is  117  x  10' :    this  value  . 
.<«.hiii.|,.i„|.|y  K«vrth«r  timii  tho  ono  previously  found,  the  method?^ 
Iiowi.vi.r  in  lu.t.  N.>  n.linhlo  ,4^  tho  preceding  one.  as  three  measure-^ 
iiiKiiU  liHv..  |...  Ih.  ,„«,k..  tlu'  magnetic  deflection,  the  heating  effect,  " 
niul  1. 1.,  ml..  ,.|-  i„o,>m.so  ,>f  tho  charge  in  the  cylinder,  instead  of  ^ 
.wo.  Hi..  i.mKiu.ti,.  ,uul  tlu.  oUvtrio  deflection :  and  it  is  not  merely 
i,«.     u     •"::»"""•"""""•  '"V  '»'>«v  uumennis.  they  are  also  more 
.  !r     "r     "'  '":'"'""^'"""'  "•■  tho  heating  eflect  and  the  rate  of 
•Z..        r     TT  '""  "'"^'^  '"^^^^  complicate  than  that  of 
li    I  n         :'""  .  ■''•"'   -"'^"^'tivitv  given   to  the  gas 

.  &r  1? "; ; ';;  "i  ''^^v  ^^^^  ^»^-  ^-^^  ^  "-^e  the 

*-♦/««»„/      ,h.  ^uU,o.  .,  , i.,,,,,a  bv  th     u  •  .K  f  "' n  "v! 
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lays  should  only  produce  a  small  change  in  the  potential  of  the 
cylinder.  We  may  remark  in  passing  that  the  charges  of  negative 
^ectricity  carried  by  the  rays  are  very  large,  thus  with  quite  a 
anall  hole  (about  1  mm.  in  radius)  in  the  cylinder  the  potential  of 
the  cylinder  would  change  sometimes  as  much  as  5  volts  per  second 
vhen  exposed  to  the  rays,  even  though  it  was  connected  with 
a  condenser  having  a  capacity  about  15  microfarad. 

Melhods  of  determining  v  and  e/m  from  the  magnetic  deflection 
and  potential  difference  between  the  electrodes  of  the,  discharge 
tube. 

63.  These  methods,  which  were  first  used  by  Schuster*  in  1890, 
are  based  on  the  following  principles.  If  F  is  the  potential  differ- 
ence between  the  terminals  of  the  tube,  then  the  work  done  on  an 
ion  in  passing  from  one  end  of  the  tube  to  the  other  is  Fe,  hence 
the  kinetic  energy  acquired  by  the  ion  can  not  be  greater  than 

Ve,  80  that 

^t^  1^  Ve. 

From  the  observation  of  the  effect  of  the  magnet  on  the 
discharge  (Schuster  measured  the  radii  of  the  circles  which  are 
^he  path  of  the  ions  in  a  strong  magnetic  field)  we  know  the 
value  of  mv/^,  let  us  call  this  quantity  q,  then  from  the  preceding 
^nation  we  have 

/        2F 

To  find  an  inferior  limit  for  e/m,  Schuster  took  v  equal  to  the 
velocity  of  mean  square  of  the  atoms  of  the  gas  in  the  tube ;  calling 
^his  velocity  U  we  have 

em  -i  — . 
9 

Schuster  found  for  air  by  this  method 

c/mr^^ll  xlO», 
e/m  ^  10«. 

If 'we  assume  that  the  charge  on  the  nitrogen  atom  is  three 
times  that  on  the  atom  of  hydrogen  in  the  electrolysis  of  liquids 

*  Schuster,  Proe,  Roy,  Soc.  xlvii.  p.  526. 


»  >  -3»  ^av  rf  Ac  Mnga  ttML  theo  «,m  is  eqiul  U 

'  etnewified  particlea  in  tte 

.-^a  ■«  fttoiBs  of  nitngv, 

- : !  jalidas  have  led  to  qoitei 


(..  fgMcipfc'  lure  be«ii  nwdeV 


"■c.    "b.    ri*:>:   j>  T«T  airce  numher  of  experiments  ii 
^,    •,^, ■it-iiil   i^Sec^zKi?  "tVi-w,?«i  ibe  cstfaode  and  aood 


Th-.  *aI;:-.  .  ■'  /  «  w*j  »,vi3.;  :o  K'  iodepeodeot  of  the  potentia 
.i:^V:^:xx  A  \V:ci^..:r«  rjAi-Kirv  «»*  uswd  to  produce  th 
,i:si-h*r^:^-  At  ih:#  =i*i:i,*:3-i  ji  vt^rt  ui-.-.i-h  nn'<v  uniform  potentis 

Tht'  \^-,;t>  :^v;itti  %.-€  f  m  bv  siiis  meihod  »re  larger  tha: 
:hiw»'  :','u:-.vi  bv  sih>  i'.>e!^«i$  j*vn\v^y  ddSi-iibed:  the  metboi 
1*  h,.'woNtr  ,>jvn  lo  i^j(v;;,>R.  K>r  ii  As$um>:«  that  the  kineti 
t-ner^-  ,ii'  ;ht-  i«ni  is  c-qiMl  :o  iht-  «.vk  ik^oe  i»n  an  ion  startioj 
in  ih.'  i-»ihvyk'  ni*>lt"  And  thus  ■■j.|vri,-iK-ing  iho  maximuni  fall  o 

•  Xtaftir.im.    Witd.  J«.  ».  SI.  r  Ml :  Si  fv  3*6.  IS97  ;  6»,  p.  431,   1896. 
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t  iMseible  in  the  tube,  and  also  that  all  the  wurk  done 

tlettric  field  is  spent  in  iQcreasing  the  kinetic  energy  of 

jon  while  none  of  this  energj'  is  lost  by  the  collisions  of  the 

iritb  the  molecules  of  the  gas  through  which  it  passes.      Now 

iave  no  right  to  assume  without  proof  that  the  ion  starts  from 

I  cathode   itself;   we  shall   see   that,   at   any   rate  when   the 

pure  is  not  very  low,  large  nurabera  of  ions  are  produced  at 

e  little  distance  away  from  the  cath'vie,  and  as  the  change  of 

ntial  in  the  neighbourhood  of  the  cathode  is  very  rapid  such 

I  would  experience  a  notably  smaller  potential  fall  than  those 

(ting  from  the  cathode  itself.     Nor  is  the  fact  that  the  values 

found  by  this  method  are  independent  of  the  potential 

ronclnsive   proof  that   the   ions   under  observation 

I  from  the  cathode.     For  suppose  that  the  distance  from 

I  cathode  of  the  place  from  which  the  greater  part  of  the  ions 

rt  is  rf.  and  that  V0  is  the  potential  gradient,  then  the  fall  of 

pntial experienced  by  these  ions  is  V(l-0d):  now  0  diminishes 

ihe  pressure  of  the  gases  diminishes  while  d  increases,  so  that 

it  (juite  possible  that  ^d  is  independent  of  the  pressure  of  the 

■  (it  would  be  so  if  for  example  0  were  directly  and  d  inversely 

pfoportional   to  the  pressure):  in  this  case  the  fell  of  potential 

I'SjHTienced  by  the  ions  would  always  be  a  constant  fraction  of 

'W  total  fall  of  potential  in  the  tube,  so  that  the  value  of  e/m 

|(lrt«imined  by  equation  (1)  would  always  bear  a  constant  ratio 

Blhe  true  value.     As  the  maximum  potential  difference  used  by 

i  only  about  1100  volts  the  pressure  could  not  have 

r  'ten  very  low  in  his  experiments.     When  the  pressure  of  the  gas 

M  eiiceedingly  small  the  number  of  collisions  with  the  molecules 

"^  6  gas  made  by  an  ion  in  its  journey  down  the  tube  may  be 

•"  gnuitly  reduced  that  but  few  fresh  ions  are  produced  by  the 

<^'lIisions,  and  in  this  case  the  greater  number  of  the  ions  may  come 

a  the  electrode  itself,  but  even  in  this  case  the  use  of  equation 

' ')  is  not  legitimate,  as  part  of  the  work  may  be  spent  in  tearing 

^^"-  ions  out  of  the  metal  and  only  the  remainder  is  available 

''T  increaung  the  kinetic  energy. 

These  considerations  show  that  the  use  of  equation  (1)  leads 
"o  an  urer-e&timate  of  the  kinetic  energy  of  the  ion  and  therefore, 
*'iice  c/iM  =  mv^je^,  the  value  of  ejm  calculated  by  this  metho<l 
"^iW  tend  to  be  too  1 


».»-m~  1""  3»  *-: 

S     !h  riamv^    ^^C^   TKScnl  ;»ifl&Aed  &  inert 
<-   Tit    -rv-itt^   »-»■■■_-!■  v-im  r  N  BiuB  &e.    TW  pnnc 
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'cathode  fell  of  potential,"  The  cathode  fall  of  potential  is 
h  difference  between  the  potential  of  the  cathode  and  that  of  a 
ht  on  the  outer  boundary  of  that  dark  apace  in  the  discharge 
fa  adjoins  the  cathode,  Warburg  has  sho\™  that  this  cathode 
t  of  potential  is  independent  of  the  magnitude  of  the  current 
1  the  gas,  of  the  pressure  of  the  gas  and,  within  certain 
pitations.  of  the  nature  of  the  electrodes.  As  its  value  in  air  is 
I  270  Tolt«,  Wiechert  assumed  that  a  minimum  value  for 
r  vaa  200  volts.  The  grounds  for  this  assumption  do  not  seem 
fcoua ;  a  priori  it  would  seem  more  probable  that  the  minimum 
!  to  take  for  hV  should  have  been  the  piitential  difference, 
t  between  the  cathode  and  the  outer  boundarj'  of  thi.s  dark 
e,  but  between  this  boundary  and  the  place  where  the  mag- 
ic deflection  of  the  rays  was  determined,  for  we  know  that  the 
t  are  (iilly  developed  at  this  boundary,  and  it  is  by  no  means 
Icertain  that  at  moderate  pressures  they  all  exist  close  to  the 
■bode.  Using  these  assumptions,  however,  Wiechert  found  for 
Bmaximiim  value  of  e/m  the  value  4  x  10^  and  for  the  minimum 
IB  4  X  10'. 

1 66,    Wiechert"   has  also  determined  by  direct  measurement 
I  velocity  of  the  ions  in  the  cathode  rays,  using  a  method  first 

^lied  by  Des  Coudreaf  for  this  purpose.     The  principle  of  the 

tothofj  is  as  follows :  suppose  that  A  BCD.  A'B'Ciy  are  two  circuits 

fsvorwd    by    verj-    rapidly    alternating  currents,    auch    as    those 

pfodnced  by  the  discharge  of  a  Leyden  jar,  let  us  suppose  that 

tile  currents  in  the  two  circuits  are  in  the  same  phase,  and  that 

i-fi'se  circuits  are  placed  close  to  a  tube  along  which  cathode  rays 

we  pnwing.     The  currents  in  the  circuits  will  give  rise  to  electric 

Mid  magnetic  forces  which  will  deflect  the  rays  as  they  pass  by 

t^e  circuits.     If  the  velocity  of  the  rays  were  infinite,  then  the 

Bctions  prtjduced  by  the  two  circuits  on   the  rays  would  be 

il  and  in  the  same  direction ;  if  however  the  raj-s  take  a  finite 

e  to  travel  from  one  circuit  to  the  other,  and  if  the  distance 

tween  the  circuits  is  adjusted  so  that   this  time  is  equal   to 

f  the  period  of  vibration  of  the  current,  then  the  deflection 

iduced  by  the  first  circuit  will  be  equal  and  opposite  to  that 

fciced  by  the  second;  or  if  the  distance  between  the  circuits 


Wl*d.  Am.  txii.  p.  7S9. 1899. 

.  J.  phytikal.  Gnethrk.  tu  Btrlin,  xIt.  p.  86,  1996. 
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is  such  that  the  time  taken  by  the  rays  to  pass  from  one  circuit 
to  the  other  is  equal  to  one  quarter  of  the  period  of  the  currontt, 
then  when  the  effect  produced  by  the  circuit  ABC'I)  is  a  maiimuui 
that  produced  by  A'B'CI/  will  be  zero. 

The  arrangement  used  to  apply  these  principles  to  determine 
the  velocity  of  the  cathode  rays  is  represented  in  Fig.  29 ;  ABCD. 
A'B'C'D'  are  the  circuits  carrying  the  currents  produced  by  the 
discharge  of  the  i""*  f!  ia  a  mn™ve  cathode,  B,,  S,  metal  dii- 
phragius  perfora'  t  a  screen  covered  with  some 

iiiati'rial  which  '  cent  when  bombarded  by  the 

ciithixle  i-ays,     .  agnet  which  deflects  the  nji 

from  the  hole  in  so  that  when  no  curreata  ik 


jHissing  through  ABCD,  A'BC'D'  the  cathode  rays  are  stopped  1 
the  <liaphragm  and  the  phosphorescent  screen  remains  dark.  \Vh( 
a  current  passes  through  ABCD  the  pencil  of  cathode  rays  is  d 
fleeted  and  swings  backwards  and  forwards  like  a  pendulum; 
during  the  swing  the  pencil  strikes  the  hole  in  B,  some  of  tl 
rays  will  get  through  B,  and  B,,and  the  screen  G  will  be  illun 
nated.  The  brightness  of  the  illumination  wilt  be  greatest  whi 
the  hole  in  B,  is  just  at  the  extremity  of  the  swing  caused  1 
the  (  '(CD,  for  in  this  case  the  pencil  is  momentarily 


Tiiy   .  fUFr'.r    iM  Tui:  MASS  of  AN  ION'. 

I  thf  tiim.'  the  jKLincil  retnains  on  the  opening  is  there&n 
loaittnum.  If  thL*re  is  no  current  in  A'BC'D'  the  position 
the  phosphorescent  spot  on  the  screen  will  be  on  the  line 
;  the  boles  in  the  two  diaphragms ;  if  a  current  in  the  same 
i  that  through  ABCD  ie  passing  through  J'B'G'i)',  then 
;  the  cathode  rays  that  reach  the  diaphragm  are  displaced 
pwardfi  by  the  current  in  ABCD,  they  will  be  similarly  displaced 
r  that  in  A'B'C'D',  and  the  phosphorescent  patch  will  be  above 
» line  joining  the  holes  in  the  diaphragm,  while  if  the  current 
1  A'BO'iy  ia  in  the  opposite  phase  the  patch  will  be  displaced 
mwards,  the  direction  uf  the  displacement  of  the  patch  will 
e  reversed  by  reversing  the  poles  of  the  magnet.  If  however 
s  of  the  currents  in  ABCD,  A'BC'D'  differ  by  a  quarter  of 
i  period,  then  when  the  vertical  displacement  due  to  ABCD  is 
ItMiimum  that  due  to  A'BC'iy  will  be  zero,  and  the  vertical 
iiatribution  of  the  light  on  the  screen  6  will  not  be  affected  by 
ftversing  the  magnet  M.  We  can  ensure  that  the  rays  which 
Jtt  ihruugh  the  opening  in  B,  are  those  which  are  jmssing  when 
le vertical  displacement  due  to  the  current  in  ABCD  is  greatest, 
y  gradually  increasing  the  deflection  of  the  rays  by  moving  the 
net  if;  when  we  have  got  JIf  into  such  a  position  that  any 
fcnher  increase  in  the  deflection  prevents  any  rays  from  reaching 
Bf^  Bov-en.  we  know  that  only  those  which  suffer  the  maximum 
wflwtion  come  under  the  action  of  A'BC'D' ;  if  then  we  move 
i'SCD'  into  such  a  position  that  the  vertical  distribution  of  phos- 
Dorescence  on  the  screen  is  not  affected  by  reversing  M.  we 
w  that  when  the  rays  are  passing  A'BC'D^  the  current  in  this 
Wiiiiit  differs  in  phase  by  a  quarter  period  from  the  phase  of  the 
OuWQt  in  ABCD  when  the  rays  were  passing  that  circuit.  If  the 
iciiiw  ABCD,  A'B'C'D"  are  arranged  so  that  the  currents  in  them 
Ksimultaneousiy  in  the  same  phase,  we  know  that  the  rays  must 
ii'e  taken  a  time  equal  to  one  quarter  of  a  period  of  the  currents 
s  from  ABCD  to  A'BC'U.  The  period  of  the  currents  can 
sdetenuined  by  Lecher's  method",  hence  knowing  the  distance 
(ween  the  circuits  we  can  determine  the  velocity  of  the  rays. 

The  Ammgement  used  to  carry  out  this  method  is  represented 

Fig.  80.     CC  are  two  pairs  of  parallel  plates,  the  upper  pair 

plalcft  are  connected  with   the  spark  gap  F,  which  is  also  con- 

with  the  terminals  of  an  induction  coil,  the  lower  pair  of 
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plates  are  (.■omu-eted  symmetrically  with  the  circuits  ABGD, 
A'B'C'D'.  The  ciithode  rays  are  produced  by  a  system  in  electrical 
connection  with  that  producing  the  alternating  currents.  L  and  L 
are  two  Leyden  jivra  whose  outer  coatings  are  connected  with  the 
extremities  of  the  apark  gap  F,  the  inner  coatings  of  the  jars 
are  connected  with  the  primary  coil  of  a  high  tension  transformer, 
the  secondary  cuil  of  which  is  connected!  with  the  anode  and 
cathode  of  thi^  disch""»»  ^"lif  In  onler  to  prevent  the  rays 
being  scattered  to  tfc  tube  during  their  ^lassage 

from  one   circuit   to  netisiug   spiral   was   wound 

round  the  tube  ])i-odu  force  parallel  to  the  length 


Fig.  30. 

nf  the  tube;  this  concentrated  the  rays  along  the  axis  of  the  tube 
and  made  the  observations  easier.  With  this  contrivance  it  was 
found  possible  not  merely  to  find  a  position  of  A'SC'D',  when  the 
currents  differed  by  a  quarter  of  a  period,  when  the  rays  passed 
through  them,  but  to  find  the  second  jwsition  when  they  differed 
by  three-quarters  of  a  period. 

If  X  is  the  distance  between  the  circuits  when  they  differ  by 
a  quarter  period,  L  the  wave-length  of  the  electrical  waves  pass- 
ing through  these  circuits,  v  the  velocity  of  the  rays,  and  V  the 
velocity  of  light,  then 

V    _     \ 
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ThuN,  Ui  one  experimetit,  Z  =  940  cm.,  X  =  39,  hence  v  is  about 
X  \if.  The  pressure  was  between  J  and  ^  of  a  millimetre. 
being  (U'termined,  we  get  elm  from  the  value  of  Htti/e,  which 
got  by  measuring  the  magnetic  deflection  of  the  rays.  The 
Btennination  of  v  by  this  method  is  difliciilt  and  we  cannot 

ect  a  high  degree  of  accuracy  Aa  the  result  of  his  experi- 
enle,  Wiechert  came  to  the  conclusioo  that  the  value  of  e/m 
Wtween  V55  x  10'  and  TOl  x  10'.     The  most  probable  value  he 

Baa8l"26xl0'. 

lennination  of  ejm  for  tlte  negative  ions  produced  when  ultra- 
violet tight  fails  on  a  vietal  plate,  the  gas  through  which  the 
ioK*  jMss  being  at  a  very  low  pressure. 

67-    The  writer*  detennined  the  values  of  e/»«  for  the  negative 

19  produced  by  the  incidence  of  ultra-violet  light  on  a  metal  plate 

bf  tbe  following  method.     It  is  proved  on  page  IH  that  when 

ion  starts  from  rest  from  the  plane  ^'  =  0,  at  the  time  t  =  0, 

■nd  is  acted  on  by  a  uniform  electric  field  of  strength  X,  parallel 

«  the  axis  of  x,  and  by  a  uniform  magnetic  force  H,  parallel 

',  the  poeitton  of  the  particle  at  the  time  t  is  given  by  the 

[uatioDs 

*liere  x  and  y  are  the  coordinates  of  the  ion.  The  path  of  the 
""  is  thus  a  cycloid  and  the  greatest  distance  the  ion  can  get 
II  the  plane  x  =  0  is  equal  to  ZmX/eH', 
Suppose  now  that  wc  have  a  number  of  ions  starting  from 
s  plane  x  =  0,  and  moving  towards  the  parallel  plane  x  =  a, 
fposed  to  bo  unlimited  in  extent;  if  a  is  lesa  than  ImXjeW 
» the  ions  which  start  from  x  =  0  will  reach  the  plane  ic  =  a, 
hile  if  n  18  greater  than  ^inXjeH^  none  of  the  ions  will  reach 
l!  plane.  If  ;c  =  0  is  a  zinc  plate  illuminated  by  ultra-violet 
pit,  and  thus  the  seat  of  a  supply  of  negative  ions,  and  3:  =  a 
metal  plate  connected  with  an  electrometer,  then  when  a 
nuite  electric  intensity  is  established  between  the  plates,  so 
it  the  number  of  ions  which  leave  the  plate  in  unit  time  is 
•  .J,  J.  TbnniBOD,  PMl.  Mag.  v.  «,  p.  647,  isgo 
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fixed,  and  if  «  is  1^6  than  2Xm!eH*,  all  the  iona  which  start 
from  a;  =  0  will  reach  the  plane  x  =  a.  Thus  the  rate  at  which 
the  plate  cniiiiected  with  the  electrometer  receives  a  negative 
charge  will  bo  the  same  when  there  is  a  magnetic  foi-ce  acting 
across  the  \}]o.tL-  aa  when  there  is  no  such  force.  If  however 
a  is  greater  than  ^Xm/eH",  then  no  ion  which  starts  from  x  =  G 
will  rea<;h  tht-  plane  x  =  a,  and  thia  plate  will  not  receive  anv 
negative  chai-ge :  so  that  in  this  case  the  magnetic  field  entirely 
stops  the  Kiijiplj-  of  ricity   to  the  plate  connected 

with    the    elfcti-iinie  thia    theory,    if  the    diatanct 

between   the   plates  certain   value,   the   magnetic 

force  produces  no  el  at  which  the  plate  connected 

with  the  electromel  igative  charge,  while  when  the 

distance   is  greater  e  the  magnetic  force  entirelj 

stops  the  supiily  of  city  to  the  plate.     The  actual 

phenomena  an-  not  da  theory  indicates.     We  find 

in  practice  that  whi  'e  near  together  the  magneti< 

force  produces  only  h,ii  exueBumgly  small  effect,  and  this  ar 
increase  in  the  rate  of  charging  of  the  plate.  On  increasing 
the  distance  between  the  plates,  we  come  to  a  stage  where  the 
magnetic  foi-ce  producea  a  veiy-  great  diminution  in  the  rate  o 
charging;  it  does  not,  however,  stop  it  abruptly,  as  there  if 
a  considerable  range  in  which  the  magnetic  field  diminishes  bul 
does  not  entirely  stop  the  supplj'  of  negative  electricity  to  tht 
plate.  At  still  greater  distances  the  current  to  the  plate  undei 
the  magnetic  force  is  quite  insignificant  compared  with  the 
current  when  there  is  no  magnetic  field.  We  should  get  this 
gimiiuil  instead  of  abnipt  decay  of  the  current  if  the  ions 
were  piiijected  with  finite  velocity,  or  if,  instead  of  all  starting  from 
the  plane  3-  =  0,  they  started  from  a  layer  of  finite  thickness  ( 
in  this  case  the  first  ions  which  failed  to  reach  the  plate  would 
be  those  which  started  from  3^  =  0,  this  would  occur  wher 
a  =  2mXjeH',  some  ions  would  however  continue  to  reach  tht 
plate  until  a  =  t  +  2mXleUK  Thus  if  we  measure  the  distanct 
between  the  plates  when  the  magnetic  force  first  begins  to  retarc 
the  current,  we  can,  if  we  know  the  values  of  X  and  H,  determint 
the  value  of  ejm.  The  finite  thickness  of  the  layer  from  whic!' 
the  ions  start  may  be  explained  by  the  use  of  a  principle  whicl 
we  shall  find  of  great  importance  in  many  other  phenomeni 
connected  with  the  discharge  of  electricity  through  gases :   it  i; 
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that  when  ioos  move  through  a  gas  with  a.  velocity  excecdiDg  a 
ceruun  limit,  the  iona  by  their  collisions  with  the  molecules  of  the 
gas  through  which  they  move  produce  freah  ions.  Thus  when  the 
negative  ions  which  start  from  the  metal  surface  acquire  under  the 
electric  field  a  certain  velocity  they  will  produce  new  ions,  and 
thiia  the  inmsation  will  not  be  confined  to  the  metal  plate  but 
will  extend  through  a  layer  of  finite  thickness. 

In  using  this  method  of  determining  e/m  it  is  necessary  to 
have  the  gas  between  the  plates  at  a  very  low  pressure,  so  low 
that  the  mean  free  path  of  the  ion  is  at  least  comparable  with 
tbe  distance  between  the  plates ;  if  this  is  not  the  case  the  resist- 
ance offered  to  the  motions  of  the  ions  by  the  viscosity  of  the  gas 
preYents  the  preceding  investigation  fi^m  being  applicable. 

The  mean  value  of  e/m  found  in  these  experiments  was 
'"SxlO".  It  thus  agrees  very  well  with  the  value  76  x  10'  found 
for  the  same  quantity  for  the  carriers  of  the  negative  electricity  in 
the  cathode  rays :  and  proves  that  the  carriers  of  electricity  in  the 
t*o  cases  are  the  same,  or,  as  we  may  express  it,  that  a  metal 
pbte  emits  cathode  rays  when  illuminated  by  ultra-violet  light. 


Lenard'  in  1900  also  measured  thi'  valut-  of  e/m  in  the 
™«!  of  the  discharge  of  negative  electricity  through  gas  at 
"  ven,-  low  pressure  from  a  cathode  illuminated  by  ultra-^olet 
'iglil.     The  arrangement  he  used  is  repr-^sented  in  Fig.  31.     A  la 

*  Lenatd,  Ann.  d.  Phys.  ii.  p,  369,  I1HH). 
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an  aluiiiiniiiii'i  plate  on  which  the  ultra-violet  light  shines: 
light  conifs  fix)m  a  spark  between  zinc  electrodes  and  e 
the  tube  thrjugh  the  quartz  window  B.  E  ie  another  i 
electrode  perl  orated  in  the  middle  and  connected  with  the  * 
it  shields  the  right-hand  part  of  the  apparatus  from  the  eli 
static  action  of  the  charged  electrode  A.  D  and  C  are  elect 
which  can  be  connected  with  an  electrometer.  When  A  is  ch 
up  a  stream  of  negative  electricity  goes  through  the  openi 
E,  and  striki]  '         '       '        D,  charges  up  the  electroi 

with  negative  electrometer  be  connected 

C  instead  of  t  receive  any  charge,     W 

however  give  lecting  the  stream  of  nej 

ions  by  a  maj  e  against  C.     As  we  still  ft 

increase  the  r  ms  will  be  deflected  by  thi 

past  G,  and  th  jated  to  C  will  fall  oft  ra 

The  amount  of  received  by  the  electrodes . 

C  respectively,  irce  is  increased,  was  in  Lei 

experiments  re>,..  urves  in  Fig.  32.     The  ordi 

lire  the  charges  n.-ceived  by  the  electrodes  and  the  absciss; 
vahiL's  of  the  magnetic  force.     The  curve  to  the  left  is  fo 


electi^ode  1),  that  to  the  right  for  C.  Since  the  negative  ioi 
not  exposed  to  any  electric  field  in  the  pirt  of  the  tube  t 
right  of  E  their  paths  in  this  region  under  a  constant  maj 
field  will  be  circk'S  whose  radii  are  equal  to  vivleH.  Now  i 
receive  the  maximum  charge  when  the  circle  with  this  i 
passing  through  the  middle  of  the  hole  in  E,  and  havin 
tangent  at  this  point  horizontal,  passes  also  through  the  u 
of  the  electrode  C.  The  radius  It  of  this  circle  is  fixed  b 
relative  positions  of  E  and  C.  Hence,  if  we  measure  H 
C  receives  its  maximum  charge,  we  have 
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The  velocity  is  determined  by  the  assumption  that  the  work 
ne  by  the  electric  field,  when  the  ion  passes  from  A  to  E^  is 
Hit  in  increasing  the  kinetic  energy  of  the  ion  (we  have  already 
isidered  on  page  128  the  objections  which  may  be  raised  against 
is  assumption) :  this  leads  to  the  equation 

^mti^^Ve (2), 

aere  V  is  the  potential  difference  between  A  and  E.  From 
uations  (1)  and  (2)  the  values  of  e/m  and  v  can  be  determined 
I  this  way  Lenard  found  that  e/m  for  the  negative  ions  produced 
f  the  action  of  ultra-violet  light  in  a  gas  at  a  very  low  pressure 
equal  to  116  x  10^ 

Keiger*  found  for  the  negative  ions  emitted  by  glass  when 
xposed  to  ultra-violet  light  values  of  e/m  ranging  from  9*6  x  10 
)  1*2  X  10^ 

Value  of  e/m  far  the  negative  ions  prod/uced  by  an 

incandescent  wire, 

69.  A  metal  wire  when  raised  to  a  white  heat  in  a  gas  at 
very  low  pressure  gives  out  negative  ions;  the  writerf  has 
etennined  the  value  of  ejm  for  the  negative  ions  given  out  by  an 
'candescent  carbon  filament  in  hydrogen  at  a  very  low  pressure. 
he  method  used  was  the  same  as  that  used  by  him  to  determine 
le  value  of  ejm  for  the  ions  produced  by  the  action  of  ultra-violet 
^ht,  and  which  has  already  been  described  on  page  135.  The 
lue  of  ejm  found  in  this  way  was  8'7  x  10",  which  agrees  within 
?  errors  of  experiment  with  the  values  found  for  ejm  for  the 
s  in  the  cathode  rays,  and  for  those  produced  by  the  action  of 
iB-vioIet  light. 

For  the  particles  emitted  by  a  glowing  Nernst  filament  Owen+ 
id  ej-ia  =  5*65  x  10*,  and  for  those  emitted  by  glowing  lime 
bnelt§  found  c/m=l-4xl0^ 

Valu€  of  e/m,  for  the  negative  ions  emitted  by  radio-active 

substances. 

fO,     It  has  been  shown  by  M.  and  Madame  Curie  ||  that  the 

♦  Beiger,  Ann,  d.  Phye.  xvii.  p.  947,  1905. 

t  J.  J.  Thomson,  PhiL  Mag.  v.  48,  p.  547, 1899. 

X  Owen,  Phil  Mag,  vi.  8,  p.  230,  1904, 

§  Wehnelt,  Ann,  d.  Phy».  xiv.  p.  425,  X904. 

))  M.  et  Mme,  Cane,  Compus  Rendru^  ^  ^30,  p.  ^  • 
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radioactive  substance  radium  emits  negative  ions.  The  velocity  nf 
these  ions  and  the  value  ofejin  have  been  determined  by  Be«querel'. 
The  method  he  employed  was  to  measure  the  deflections  of  ^« 
rajs  produced  by  an  electrostatic  and  also  by  a  magnetic  fieW 
The  experiments  were  made  at  atmospheric  pressure,  and  tlw 
resistance  offered  to  the  motion  of  the  iona  by  the  gas  throu^ 
which  they  jtass  was  neglected:  this  would  not  be  justifiable  ii 
the  case  of  the  ions  we  have  hitherto  been  considering,  hot  a 
the  ions  emitte  y  much  more  penetrating  tha 

those  we  ha\e  and  are  able  to  travel  as  fi 

through  a  gaa  assure   as   other  kinds  of  it 

travel  through  i  pressure,  we  shall  probably  g 

approximately  1  e/nt  and  v  for  the  radium  iff. 

oven  if  we  neg  of  the  gas.     The  radium  iv 

ptacei.l  below  tw  letat  plates,  about  35  cm.  wi 

and  1  cm.  npart ,  plates  was  a  horizontal  phot 

giiijih  if  plate  pro  [  of  black  paper  from  the  acti 

of  light ;  a  thin  si  ,rically  situated  with  respect 

the  mctjil  plates,  was  placed  over  the  radium,  this  cast  a  shad' 
on  the  ])hotogn»phic  plate  which  when  the  metal  plates  were 
tlie  siime  potential  was  at  the  middle  of  the  field ;  when  a  gr> 
dit!'ci-ence  of  potential,  10,200  volts,  was  maintained  between  t 
plates  the  position  of  this  shadow  was  displaced  towards  1 
pi>si[ivo  plate.  Consider  an  ion  passing  between  the  plates,  th 
if  /  is  the  length  of  its  path  between  the  plates,  F  the  elect 
fiiRv  acting  uiHin  it,  the  displacement  of  the  ion  parallel  to  t 
line.'-  '<(  ulectric  force  when  it  leaves  the  region  between  the  pla 

i*'  ■>       ~'  *nd  its  direction  of  motion  is  displaced  through 

vertical  distance  of  the  pho 
graphic  plate  above  the  upper  edge  of  the  parallel  metal  pla 
the  point  where  the  ion  strikes  the  plate  will  be  deflected  throu 
a  sjiace  B  parallel  to  the  line  of  electric  force,  where  5  is  gi\ 
bv  the  eijuation 

1  Congrii  [ntemalional  de  Pbytique  ft  Pa 
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The  magnetic  deflection  was  found  in  the  following  way:    a 

small  quantity  of  radium  was  placed  in  a  little  lead  saucer  on 

a  photographic  plate ;  as  none  of  the  rays  from  the  radium  reach 

ihe  plate  the  latter  is  not  affected ;  if  however  a  strong  magnetic 

field,  with  the  lines  of  force  parallel  to  the  plate,  acts  on  the 

negative  ions  coming  from  the  radium,  these  will  be  bent  round 

and  will  strike  the  plate,  producing  a  photograph. 

To  find  the  boundary  of  this  photograph,  let  us  take  the 
plane  of  the  photographic  plate  as  the  plane  of  xy,  the  magnetic 
force  H  being  parallel  to  x ;  the  equations  of  motion  of  an  ion  are 

tie  solutions  of  these  equations  are,  if  to^He/m,  and  u,  A,  B 
*re  constants, 

x^vt, 

y  =  il  (1  — cosfi)0  + J^sino)^, 

z^A  sina)<  +  fi(cosa)<  — 1). 

If  V  and  w  are  the  values  of  dy/dt,  dzjdt  when  ^  =  0,  we  have 

V  =  —  (1  —  cos  tDt)  +  -  sm  0)^, 

^  =  —  sm  0)^  +  -  (cos  0)^  —  1) ; 

0)  CO 

^hen  the  ion  strikes  the  plane  we  have  <^  =  0,  hence 

w 
tan*ck)^  =  — , 

V 

Now  if  the  ion  is  projected  so  as  to  make  an  angle  6  with 
the  direction  of  the  magnetic  force,  and  if  the  plane  through  the 
direction  of  projection  and  the  axis  of  x  makes  an  angle  0  with 
the  plane  oi  xz,  we  have,  if  V  is  the  velocity  of  projection, 

?fc=Fcos^,    t;  =  Fsin  ^  sin  ^,    11;=  Fsindcos<^, 
hence  tan  \oi>t  =  cot  4> 

=  tan(|-^). 

thus  cot  =  TT  —  2<f>, 
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.:u:is^  tais  T«h]e  for  (,  we  find,  if  f  and  i 
.'t   ihir   point  where  the  ion  strikes  the  photognflik  1 


Th'.i;.  for  th<   [artidee  projected  in  a  plane  through  the  utx 

v<f  .r.  ;h<?  ii>cu$  of  tb«  points  wb«T«  they  strike  the  plate  will  be 

„.            ,                .                   iVcosA       .  V(T--2(t)      „, 
;in   illnijc   whikSt'   sem-axea  are and   — ^ .    ruf 

tho  jurrii-li'  pnijeoti  .f  jrr,  the  semi-ase-s  uf  the 

i-i!il.>j;e  ;u\'  21'^  aw  ,tuple  of  such  an  ellipsis 

slunvii  ill  Fig.  ;W.  wh  R  ^otogisph  by  BecquereL 


N    I 


By  tho  tiie;isurenient  of  the  axes  of  the  efhpse  we  can  deter- 
mine V  w.  i.e.  I'm  eH.  As  the  radium  emits  ions  having  velocities 
extending  over  a  considerable  range,  the  impression  on  the  plate 
is  not  the  arc  of  a  single  ellipse,  but  a  band  bounded  by  the 
ellipses  corresponding  to  the  smallest  and  greatest  velocities  of 
the  ions.  Becqiierel  took  photographs  when  the  ions  from  the 
radium  went  (1)  through  the  air  at  atmospheric  pressure,  and 
(2)  through  air  at  very  low  pressure;  the  photographs  were  found 
to  be  identical,  in  fact  one-half  of  the  photograph  represented 
in  Fig.  33  is  produced  by  ions  going  through  air  at  atmospheric 
pressure,  and  the  other  half  by  ions  going  through  air  at  a  verj- 
low  pressure.  The  identity  of  the  results  in  the  two  cases  justifies 
us  in  our  neglect  of  the  resistance  of  the  air. 

A  simpler  method  than  the  electrostatic  one  used  by  Becquerel 
to  get  a  second  relation  between  v  and  e/m,  would  be  to  place 
the  radiuna  on  a  photographic  plate  in  a  little  tube  so  that  all 
the  ions  start  at  right  angles  to  the  plate.     A  uniform  magnetic 
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field  acts  parallel  to  the  plate,  and  that  above  the  photographic 
plate  and  parallel  to  it  is  a  metal  plate  which  is  connected 
with  an  electric  machine ;  when  this  plate  is  charged  with  elec- 
tricity there  will  be  a  strong  electric  field  acting  on  the  ion 
parallel  to  its  direction  of  projection  and  at  right  angles  to  the 
iiiagnetic  force.  If  photographs  are  taken  (1)  with  the  plate 
Uncharged,  (2)  with  the  plate  charged,  the  two  photographs  will 
give  us  a  simple  method  of  finding  v  and  e/m.  For  let  us  suppose 
that  all  the  ions  have  the  same  velocity  F,  the  distance  2^  of 
the  image  in  the  first  photograph  from  the  radium  is  given  by 
the  equation 

To  find  the  distance  of  the  image  in  the  second  photograph, 
let  us  take  the  same  axes  as  before,  and  let  Z  be  the  electric 
force  at  right  angles  to  the  plate,  then  the  equations  of  motion 
of  an  ion  are 

The  solution  of  these  equations,  when  Zy  y,  dy/dt  vanish  when 

t«0,  is 

Z/      sinw^x       F.,  ^, 

z  =  fT-  (1  —  COS  wt)  H —  sm  o)^, 
/i»  ft) 

where  V  is  the  velocity  of  projection  of  the  ion. 

When  the  ion  strikes  the  photographic  plate  2^  =  0,  hence 

tanJft)«  =  -^T^. 

Substituting  this  value  of  t  in  the  expression  for  y  we  find,  if  R^ 
\&  the  distance  from  the  radium  of  the  point  at  which  the  ion 
strikes  the  plate, 

i>      Z .     2F 

XZ  ft> 

but  2V/a^R,  where  R  ia  the  distance  from  the  rsAium  ol  \3tv^ 
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point  of  return  of  the  ion  when  the  upper  met^  p!at«  ie  not 
charged,  hence  we  have 


ft-Ji=|: 

t. 

or 

hence  since 

t*ir 

y 

we  have 

_L             , 

'■IB 

(1). 


1 


an  equation  by  whi 
When  V  is  known,  e, 


When  ZjH  is  sm. 

of  equation  (1)  is 


nine  the  value  of  VjiZlH). 
ined  from  the  value  of  R. 


\  y  an  approximate  solution 


i 


Becquerc-1  did  not  use  this  method  of  determining  V,  but  the 
electrostsitic  method  previously  described ;  the  latter  method  is 
not  however  in  many  respects  so  convenient  as  the  one  just  given. 

As  the  result  of  his  experiments  Becquerel  found  for  one  set 
of  rays  given  out  by  the  radium 

ir  =  l-6xlO",  ejm  =  \Q\ 

thus  the  value  <if  e'ln  is  the  same  for  these  negatively  charged 
ions  from  radium  as  for  the  ions  in  the  cathode  and  Lenard  rays, 
as  well  as  for  those  produced  by  ultra-violet  light  or  by  in- 
candescent nit-tjils.  The  velocity  of  the  ions  is  much  greater  than 
any  we  have  met  with  in  the  case  of  ions  arising  in  other  ways, 
amounting  an  it  does  to  more  than  half  the  velocity  of  light ; 
the  ions  chosen  by  Becquerel  for  this  experiment  were  by  no 
means  the  fastest  given  out  by  the  radium.  Becquerel  detected 
the  existence  of  others  whose  velocity  was  at  least  half  as  much 
agiiin  as  the  velocity  of  those  he  ii 

It  may  be  convenient  to  summarise  in  a  table  the  i 
the  measurements  of  ejm  made  by  different  observers,  and  with 
ions  produced  in  diiferent  ways. 
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Table  of  values  of  ajm. 


™«,»„ 

Ot«™ 

Data 

Valna  of  t/m 

»xio-' 

ftthodenys 

J.J.  Thornton 

1897 

7-7  X  10" 

a-a-3-0 

J.J.Thomwn 

1897 

hekting  effect 

1-17  xIO^ 

a-4-8-2 

•• 

KAofniaiui 

1897-8 

M«gDelia     defleolion     uid 
potetttiil  differenoe 

186  y.  10' 

Simon 

JS99 

Magnetio    deflwtion     md 
polentUl  difference 

l>B6fi  K  ID' 

Wiechert 

ia9» 

Tclooit;  ot  ioQB 

l-Ol  X 10'— 
1-55  x  10' 

■■ 

Sntz 

1901 

deflection 

e-iSxlD" 

708 

Seilz 

190d 

Magnetic  tma  eleetroBtitio 
and  potential  diSereooe 

1-87x10' 

5-7--7-5 

Staike 

1903 

deaeotioD 

1-84x10' 

a-8-is 

Beign 

1905 

Magnetic     deSection     and 
potential  difference 

1-82  X  10' 

Becker 

I90G 

Uattnetic  defieclioD  and  re- 
taid&tion  in  electric  Beld 

1-8  xlO? 

10 

Leiwrdrs7i 

Lenud 

1698 

Majnetio  and  electrostatic 
deflection 

6-39  X  10< 

Lenftrd 

1S9B 

Magnetic  deflection  and  re- 

6-8x10" 

3-4-10 

Ultnnolet 

J.J.Thom«on 

1899 

R«lardation    of    discharge 

7-6  X 10" 

light 

by  magnetic  field 

Lenwd 

1900 

Magnetic    defleclioa     and 
potential  difference 

1-15x10' 

" 

Beiger 

1906 

Magnetic    deflection    and 

9-Gxl0»- 

1-3  X  10' 

J.  J.  Thomson 

1899 

Retards tioa    uf    discharge 

8-7x10' 

m«Ul. 

bj  miignetio  field 

Oven 

1904 

Retardation    of    dincharge 

6-6  X  10» 

oxides 

liy  magnelic  field 

Wehnelt 

190* 

Magnetic     deflection     and 
potential  difference 

1-4x11' 

Btdiom 

Beoqaerel 

1900 

Magnetic  and  electrostatic 
deflection 

10'  approxi- 
mately 

9  X  101" 

Kaufmann 

1901-2 

Magnetic  and  electcostatic 
deflection 

1-77x10' 
for  small 

Ewen 

1906 

1-7  X 10' 

Irfow  «y») 

146 
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It  is  to  be  noted  that  theae  large  values  of  e/m  for  gases 
occur  when  the  pressure  of  the  gaa  is  very  low,  when  in  fact 
is  very  little  gas  for  the  ion  to  get  entangled  «nth:  whei 
pressure  of  the  gas  is  high,  the  ion  seeuis  to  act  as  a  nn 
round  which  the  molecules  of  the  gas  collect ;  the  ion  thus 
loaded  up,  aod  the  ratio  of  c/jh  is  very  amall  compared 
its  value  at  lower  pressures. 

Value  of  e/ni  for  the  positive  ions. 

71.     Th(  lations  of  the  value  of  e/m  ft 

ions  which  t  irge  is  small  compared  with 

made  Tir  tht  ntity  for  the  negative  ions. 

first  dotermi  of  e/'m  for  the  positive  ion 

made  by  W.  ive  ions  he  used  were  ihi»e  ' 

occur  in  whi  inal-strahlen.'     If  an  electri 

charge   passa  6  and  a  cathode  perforated 

a  nunibtr  of  I  the  cathode,  i.e.  on  the  si 

the  cathode  ode,  pencils  of  light  are  se 


F[g.  34. 
penetrate  through  the  holes  as  in  Fig.  34t,  producing  phoE 
i-scenee  when  they  strike  the  glass.  These  rays — the  i 
strahlcn — have  been  shown  by  Wien  to  consist  of  iM>5i 
chai-ged  ions.  He  exposed  a  long  pencil  of  these  rays  a 
through  a  perforated  iron  cathode  to  both  an  electrostatii 
a  magnetic  field,  and  measured  the  corresponding  defleci 
from  these  he  deduced  by  the  method  described  in  §  5£ 
values  of  c/hi  and  v,  and  found 

It  =  36  X  10'  cra./sec,  while  ejm  =  300. 
The  '  canal -st rah len '  or  positive  rays  are  only  deflected 
great  difficulty,  and  it  is  necessary  to  use  very  strong  fields 
increases  the  difficulty  of  the  investigation ;  in  Wien's  experii 

■  W.  Wien,  Witd.  Ann.  l»v.  p.  440,  189S. 

t  Wehnalt,  Witd.  Ann.  livii.  p.  421,  1699. 
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ist3«iigch  of  the  magnetic  field  was  3250.  It  will  be  sc-en  that 
I  velwily  of  ihe  positive  ions  is  very  much  smaller  than  that 
Boy  of  the  cathode  raj^s  hitherto  measured,  while  the  value  of 
t  is  of  an  entirely  different  order,  being  only  about  1/30000  of 
i  yalae  for  the  negative  ion ;  moreover  the  value  of  e/m  for  the 
ntive  inns  in  the  gas  is  of  the  sani£  order  of  magnitude  as  the 
Jue  of  e/wi  in  the  ordinarj-  electrolysis  of  solutions.  Thus  if  m 
a  mass  of  the  atom  of  iron,  e  the  charge  carried  by  an  atom 
hviirogen,  ejm  is  about  200,  or  since  iron  is  divalent  the  value 
' i\m  for  the  ion  in  the  electrolysis  of  solutions  is  about  400. 
'e  have  not  however  sufficient  data  to  enable  us  to  determine 
heiher  the  carriers  of  the  positive  electricity  in  the  'canal- 
tihlen '  are  the  atoms  or  molecules  of  the  metal  of  the  ciithode 
■  of  ihe  gas  in  the  tube. 

In  some  later  experiments  Wien"  has  measured  the  value  of 
Um  fur  the  '  canal-strahlen '  in  tubes  filled  with  different  gases,  he 
wiU'l  that  the  most  deflectible  rays  gave  values  for  e/m  of  the 
I.e.  the  value  for  the  hydrogen  atom,  not  only  when  the 
ibe  was  filled  with  hydrogen  but  also  when  it  was  filled  with 
Uier  gases  verj'  airefuUy  prepared :  the  phosphorescence  duo  to 
lie  most  <leflectib!e  rays  was  however  much  greater  in  hydrogen 
a  in  air  or  oxygen.  We  shall  see  that  a  metallic  cathode  emits 
^rogen  with  great  persistency,  so  that  it  is  practically  imjiossible 
I  prepare  a  tube  which  does  not  contain  hydrogen  near  the 
'ibode.  Along  with  these  deflectible  rays  Wien  found  in  a 
ibe  filled  with  hydrogen,  rays  for  which  ejm  was  less  than  1/650 
"I'tkf  greatest  value,  10*.  This  would  imply  if  we  suppose  the 
[articles  to  rel«in  their  charge  during  the  whole  of  their  course 
ili«  the  maas  of  these  particles  is  more  than  650  times  that  of  the 
iiyiirogen  atom :  this  t»  enormously  greater  than  the  mass  of  the 
hydrogen  ion  in  a  weak  electric  field,  while  in  the  strong  fields 
jcling  on  the  '  canal-strahlen '  we  should  expect  the  mass  of  the 
n  to  be  less  than  in  weak  fields.  These  heavy  particles  may  be 
8  of  metal  torn  off  the  cathode.  I  observed  some  time  ago 
isiilar  differences  in  the  masses  of  the  positive  ions  emitted  by 
iiicandeact-nt  metals  (see  Art.  62). 

The  uncrgy  in  the  particles  forming  the  positive  rays  or  '  canal- 
ihlcn'  i«  that  which  thc-y  woald  acquire  by  a  fall  through  a 
ttntial  difference  of  about  16000  volts.     As  we  know  the  charge 
Mi  the  particles  forming  the  positive  rays,  we  can 
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coiui«iiv  the  energy  in  the  ixirticles  due  to  this  difference-  of 
potrntial  with  the  mean  energy  possessed  at  any  temj^erature  bv 
the  nioleeules  of  i\  giit?,  the  mass  of  the  molecules  being  the  same 
a.s  that  of  the  iwiticles  in  the  i)ositive  rays;  doing  so  we  find 
that  even  at  the  highest  attainable  tempemture  the  enero}-  of  a 
inoleeulo  in  the  g;i:?  would  be  quite  insignificant  in  comparison 
with  that  of  a  ivirtiele  in  the  ix^sitive  ra\-s. 

72.  The  writer  ha^*  vletermined  the  value  of  e/ni  for  the  positive 
loiis  by  the  nieth^Kl  desoribei.1  on  i>i\ge  135  for  the  determination 
v»t  {\w  \:\\\w  of  e  m  for  the  negative  ions  produced  by  the  action 
oi  n!:i-:i\;olet  licht.  Thi-  [K^siiive  ions  were  produced  by  raisin?. 
l»\  irA'.ms  i^f  an  lUvtrie  ourrt*nt.  an  inm  wire  to  a  red  heat  in  an 
.ivtr.vvsrlu'A-  of  oxysT^ii.  the  pressure  being  very  low.  The  wire 
\\.i>  i\i:-:;-'A\  :^  \  :ue:al  plito  oonueoted  with  an  electrometer, the 
o.i^'..v:-.A-  r'  :'.\.'  \\:!v  fn>m  the  plate  w;is  4  mm.  If  the  wire  was 
x'm's;-.\'.  ivs-.-.-.\.  *v  :'\'.  p'::\:o  and  the  electrometer  received  a  i)08i- 
:  V.'  /-T^cv  :**..  /.:viv!::  jvu?54:n^  K»rwoen  the  plate  and  the  hot 
w  -o  X  "^  >\;s/\  r. •...;:>•■. :vvi  l\v  :he  eleotrv.^ meter;  if  now  the  space 
\-  u,v' '  ■  ^-  :•..•:  x^!v  a:v.:  :>..•  p'.i:^'  w;u?  placed  in  a  very  powerful 
'••;;■'...'  •••.' i  •'*>'  '  '.'.cs     :'  t'r.v  K  ::ic  ivinillel  to  the  plate,  the 

;.,-    •     .-vx    •      ■-   '^^■v  :•'  :^--  'o-^-^'  ^^'^^  found  to  diminish  if 

',    -Nv,'.  i    .-.  ^  v".v  \v:wtv:-.  :h-   wire  ;uid  the  plate  did  no^ 
,v,v\xi    i    ,v  .i  V    ^;*^.•..'     •:<:    .s>    :::    :>.e   o*->rrvsp.^nding   case    ^^ 
■/n  v,,;.4    vv    '.'X  ••.•1'  ;.vvi  >•  -...TrA--. :.'.-::  l:^h: — but  while  in  tl>^ 
U  -vi   vA*w   *  .v:*'v^4--t.:-. ,'  \   :\\V.:  r-.A^r.-.tivr  :-^ree  is  sutKcient  ^ 
vr.4ir.'»  xN   :  N-  .    '^v^  *\\:  .  *v>  \     -r.   vowvrr.;!  mainietic  fonT*^ 

^v*  j»4\v.  :nv  :  \-  .'J*"v    ^v    ^     ^    ^  :  -vr-: .  :hus  :or  example  in  m^ 
H\\iv- *•">*-  ^    ■*•■      '^*   -v.v..  V      -c'^i    I    -.:><•.:    A   lua^^etie   tield   o^ 
xvtv>\s;"  ^    ''*^*vV   .V       '    V    •.  "    .     "    :'":    Tixivriiuents   on   the^ 
iKV*  ■^^'   "*^''^  *    *^  '*    '     •  '     '  ^"^  *    ■'■'  "='"---'^^'"-  ""'  pnxiuoe  ven- 
^>*^^v^  »*Nv^  x.\v^     V       *     ^  «*«>  •-*'    "•.-    -^'.rt   I  found  that 

^vv'\x  *  **NVv' *^  •  *^  ^'^  "^^  '^  '  >  *  *.£*••.  :^;  TATc  .:  leak  was 
K\%^  xvv..-  >^  -cx'^  ^  *^  '  ^-"  •  ^'*^'  ■■'■^''-  ■■  -^ -^  --tf.  w-hen 
^V  vv  ^^'  »*  '  *^^  '"  ■  ^^  "^  *  *  *'•  ^*^*  **-^  -^  ---^--  •^'^  volts: 
VkIv^i*      ■    hVvxx^'^"      '  ^      •  ''     "*  -  -^^^    ^"^>  *"V  same 

>N,V*.\,;    ^V    .Nvx'-'     • -^    *  ''       -*'  "   '''-'■'   -^'' =  I-'t*V»  and 

A '^  V  \  U'^^ -*     ^^      *     ^*       ^-     •     --    -♦    :.  .      H, :::,>:    oy    the 


e 
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or  ~  =  400. 

This  is  about  the  value  for  e/nj  for  the  ion  of  iron  in  electrolysis: 
il  lioes  not  however  prove  that  the  carriers  of  the  positive  elec- 
tricity are  the  atoms  of  iron,  for  if  m  were  the  mass  of  a  molecule 
«f  "xygeo  and  e  the  charge  on  a  hydrogen  ion  in  the  electrolysis  of 
KilutioDB  ejm  would  be  about  310,  and  the  difficulties  of  the 
ci[ieniuent  are  so  great  that  we  cannot  say  that  this  result  differs 
ftnm  that  actually  found  by  more  than  the  possible  errors  of  the 
eipeiiment. 

We  see  however  that  for  the  positive  ions  e/in  is  of  the  same 
"riierus  in  ordinary  electrolysis  of  solutions,  and  is  variable,  while 
'"r  negative  ions  it  is  of  an  entirely  different  order,  and  is 
oDMtant. 

The  effect  of  the  strongest  m^netic  fields  I  have  been  able  to 
'"*  on  the  current  when  this  is  carried  by  positive  ions  is  very 
'nuch  leas  marked  than  the  effect  of  comparatively  weak  fields  on 
'be  current  when  it  is  carried  by  negative .  ions,  In  the  case  of 
-htr  [jusitive  ions  the  magnetic  force,  even  in  the  most  favourable 
lircdinflhinces,  only  diminishes  the  current,  it  does  not  entirely 
'top  it :  this  points  to  the  conclusion  that  the  cnrriei-s  of  the 
["wiiive  charge  are  not  all  of  one  kind,  but  that  some  are  much 
huivier  than  others;  thus  in  the  case  of  the  leak  of  positive 
"iMlricity  from  a  hot  platinum  wire  the  study  of  the  effect  of  the 
iwgiietic  field  on  the  current  leads  to  the  conclusion  that 
'  !«rt  of  the  current  is  carried  by  molecules  of  oxygen  and  the 
"■^t  by  molecules  of  platinum,  or  perhaps  by  aggregates  of  sevend 
wJeculea.  The  proportion  between  the  numbers  of  the  different 
liinds  of  carriers  seems  to  vary  very  largely  with  the  temperature 
Mwl  state  of  the  surface  of  the  platiuum. 

Rutherford"  has  shown  that  i-adiura  emits  positively  charged 

liieK-8   moving   with   enormous   velocities,   for   these   particles 
ejm  =  ()  X  10",  V  =  25  X  10*:  these  values  are  confirmed 
■the  experiments  of  Des  Coudres,  who  found 
elm  -  6-4  x  10^,  i>  =  105  x  10». 
Pltecent  determinations  by  MackenKie+  on  these  particles  make 

-SxlO*. 


Botluiriord.   mi.  May. 
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DETERMIXATK 


BGE  CARRIED  BT  THE 
[ON. 

)f  elm  for  the  negative  ions  icS 
thousand  time-s  the  gr^ateetf 
ities  for  ordinarj'  electrolytessi: 
due  to  a  difference  in  th€ 
in  their  electrical  charges,  gr* 
e  points  we  must  determine 
The  ivriter  made  in  1898"  and   18{)9f 


73.  We  haves 
gases  at  a  low  press, 
value  of  the  ratio  o 
The  question  at  o 
masses  of  the  inns, 
to  both  these  cause, 
the  value  of  m  or  e. 

determinations  of  the  value  of  e  for  the  ions  produced  in  c 
case  by  Rimtgen  rays  and  in  the  other  by  uitra-vioiet  light. 
The  method  was  based  on  the  discovery  made  by  C.  T.  R.  Wilson^ 
(see  Chap.  VII.)  that  giweous  ions,  whether  positive  or  negative, 
act  as  nuclei  for  the  condensation  of  clouds  even  in  the  absence  of 
dust ;  and  that  if  we  have  a  mass  of  dust^free  gas  containing  ions 
in  a  closed  vessel,  and  cool  the  gas  by  a  sudden  expansion,  then 
a  cloud  will  be  produced  if  the  ratio  of  the  volume  of  the 
gas  after  expansion  to  the  volume  before  is  greater  than  1-25. 
An  expansion  of  this  amount  is  quite  incapable  of  producing 
more  than  very  slight  condensation  in  the  gas  if  it  does  not 
contain  ions.  The  water  condenses  round  the  ions,  and  if  these  are 
not  too  numerous  each  ion  becomes  the  nucleus  of  a  drop  of  water. 
Thus  by  producing  a  sudden  expansion  in  a  gas  containing  ions 
we  can  get  a  little  drop  of  water  round  each  ion ;  these  drops 
are  visible,  and  we  can  meiisure  the  rate  at  which  they  fall. 
Sir  George  Stokes  has  shown  that  if  v  is  the  velocity  with 
which  a  drop  of  water  falls  through  a  gas,  a  the  radius  of  the 

•  J.  J.  Thomaon,  Phil.  Mag.  v.  46,  p.  528,  1698. 
t  J.  J.  ThomBOD,  Phil.  Mag.  t.  48,  p.  547,  1899. 
;  C.  T.  B.  Wilfoo.  Phil.  Tram.  A,  p.  266,  1897. 
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ro\i,»i  the  coefficient  of  viscosity  of  the  gas,  and  g  the  iicceleration 
Sue  W  gravitj-,  then 

IB  if  we  measure  v  we  can  detenaine  a,  and  hence  the  voliitiie 
jf  each  drop.  If  q  is  the  volume  of  water  deposited  ivoiw  each 
tnbic  centimetre  of  the  gas,  n  the  number  of  the  drops,  we  have 

3\i  End  g  we  may  proceed  as  follows :  the  gas  after  being  cooled 
By  the  very  rapid  expansion  is  supersaturated  and  moisture  is 
deposited  on  the  ions ;  during  the  condensation  of  the  water  heat 
I!  given  out  which  warms  tht;  gas,  so  that  the  temperature  of  the 
pi"  rises  above  the  lowest  temperature  reached  during  the  ex- 
uuoD  before  condensation  has  taken  place.  Let  C,  be  the  lowest 
imperatun;  reached  during  the  expansion.  (  the  temperature 
Wen  the  drops  are  fully  formed,  then  if  L  is  the  latent  heat  of 
Bvaporation  of  water,  G  the  specific  heat  of  the  gas  at  constant 
ime,  M  the  masa  of  unit  volume  of  the  gas  after  expansion, 
ire  have 

Lq-Cmt-U) (1); 

i  neglect  the  heat  required  to  raise  the  temperature  of  the  water 
B  the  gas  in  comparison  with  that  required  to  raise  the  tempera- 
h;  of  the  gas  itself.     We  have  further 

q  =  P,-p. 

Were  p,  is  the  density  of  the  water  vapour  before  condensation 
•■^piB.  and  p  the  density  at  the  temperature  (.     Substituting  this 
far  q  in  equation  (1),  we  get 

P  =  Pi-^ti-Q (2). 

p  is  a  known  function  of  t  this  equation  enables  us  to  find 
vben  t,  is  known. 

If  X  is  the  ratio  of  the  final  to  the  initial  volume  of  the  gas 

I  T  the  temperature  in  degrees  centigrade  of  the  gas  before 

uion,  then  since  the  mass  of  1  cubic  centimetre  of  air  at  the 

Bpcrature  0°  C.  and   under  a  pressure  of  760  millimetrea  of 

BTcuiy  is  "00129  grm„  we  have 

._ -00129         273       P 
^'  "      3i      '^  273  +  r  760  ■ 


Again,  ft--. 

where  p  ist  ^e  densitr  of  water  vapour  at  the  temperatarv  ' 
txpansion;  &s  the  air  waa  ^turated  with  water  vapour 
temperatun  p'  cab  be  obtained  directly  from  the  Tablet 
vap'>ur  pra  ture  erf  water  vapour. 

The  coo!  dtabatic  expanaion  is  deto 


by  the  eqoa 


^=-4Hogx.. 


For  in  such  t  eoostant,  where  p  is  the  ] 

and  V  the  vol  t  of  the  specific  heat  at  i 

pressure  to  tl.  ne:  but  pi'  =  i?5,  where  ( 

ab^hite  tem  instant,  hence  we  have  du 

adiabatic  ex|, 

cT-'  ^  =  a  constant ; 

hence  if   fj^i,  I'A  ^e  the  initial  and  final  values  of  v 
we  have 

„r  !og^'  =  (7-l)log^'' 

.Since  7=r-ll  this  is  equivalent  to  equation  (3).     From 
determine  tj,  and  then  since 

C=1G7.    £  =  606, 
eijuation  (2)  becoinea 

p'     167     -00129     273      ^ 
'"x      (506^      x      ZTS  +  rTfiO^        '' 

As  an  example  of  how  this  equation  is  applied  let 
a  case  which  occurred  in  one  of  the  experiments.     Here 

r-16',   P  =  7G0,   a:  =1-36. 
To  yet  (j  we  have 

,      273  +  16 
^"e  27"3T^  = 
hence  273  +  f,  =  254'8,   or(,  =  -18°-2. 
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We  find  fix)m  the  Tables  that  at  16'' 

p  =  -ooooias, 

hence  equation  (4)  becomes 

p  =  99-3  X  10-' -  2-48  X  10-^  («  + 18-2) (5). 

To  solve  this  equation  we  keep  substituting  various  values  for  t 
until  we  find  one  for  which  the  corresponding  value  of  p  given  by 
(5)  is  the  same  as  the  value  of  the  vapour  pressure  of  water 
at  the  temperature  t.  We  find  by  this  process  of  trial  and 
error  that  the  solution  of  equation  (5)  is  f=l*2,  and  the  corre- 
sponding value  of  p  is  51*5  x  10~^  Substituting  this  value  for  p 
we  find  q^Asl'l  x  10"^  grms. 

When  we  know  q  and  a,  n  the  number  of  drops  is  at  once 
detennined  by  the  equation 

In  this  way  we  can  determine  the  number  of  ions  per  cubic 
centimetre  of  gas.  When  we  know  the  number  of  ions  and  also 
the  velocity  of  the  ions  under  unit  electric  force,  we  can  very  easily 
deduce  the  charge  carried  by  an  ion  by  measuring  the  current 
earned  by  these  ions  across  each  unit  of  area  under  an  electric 
force  E,  For  if  n  is  the  whole  number  of  ions  of  one  sign  per  cc, 
^  the  mean  of  the  velocities  of  the  positive  and  negative  ions 
under  unit  electric  force,  the  current  through  unit  area  is 
equal  to 

neEU, 

where  e  is  the  charge  on  the  ion ;  the  electric  force  E  ought  to  be 
so  small  that  the  current  is  proportional  to  the  electric  force, 
^hen  this  is  not  the  case  the  number  of  ions  is  diminished  by 
the  action  of  the  electric  field,  and  depends  upon  the  magnitude 
of  the  electric  force. 

We  can  easily  measure  the  current  through  the  ionised  gas 
^ud  thus  determine  neEU,  and  as  n,  E,  U  are  known  we  can 
deduce  the  value  of  e. 

74.  This  method  was  first  applied  by  the  author  to  determine 
the  charge  on  the  ions  produced  by  Rontgen  rays.  The  method 
used  for  making  the  cloud  and  measuring  the  expansions  is  the  same 
as  that  used  by  C.  T.  R  Wilson*:  the  apparatus  for  this  and  the 

♦  C.  T.  B.  Wilson,  Proc,  Camh,  Phil.  Soe.  ix.  p.  888,  1S97. 
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^Wmcftl  pan  of  the  eKperiment  is  represented  in  Fig.  35.  Thi  i 
j:»s  vhich  is  exposed  to  the  rays  is  contained  in  the  vessel  i,  ] 


Fig,  33. 


this  vfs,-ii'l  is  cuiuK'cloil  by  the  tube  B  with  the  vertical  tube  i 
the  lowiT  I'lul  i>f  this  tube  is  carefully  ground  so  as  to  be  : 
n  liliuii-  iKTiietiilioTikr  to  the  axis  of  the  tube,  it  ia  fasten* 
down  t^1  the  iiidia-nibber  stopper  D.  Inside  this  tube  there 
an  invfrt<'ii  thin-walKi)  test  tube  P  with  the  hp  removed  and  tl 
oj>en  end  giiiund  so  iis  to  be  in  a  plane  perpendicular  to  the  ax 
of  the  tiibe.  The  tost  tube  slides  freely  up  and  down  the  larg 
tube  and  acts  iis  a  piston.  Its  lower  end  is  always  below  tl 
surface  of  the  water  which  fills  the  lower  part  of  the  outer  tut 
a  tube  passing  through  the  india-rubber  stopper  puts  the  inside 
the  test  tube  in  communication  with  the  space  E.  This  space 
in  connection  by  the  tube  H  with  a  large  vessel  F  in  which  tl 
pressure  is  kept  low  by  a  water-pump.  The  end  of  the  tube  H 
ground  flat  and  is  closed  by  an  india-rubber  stopper  which  press 
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t  it.  the  stopper  is  fixed  to  a  rod,  and  by  pulling  this  rod 
n  smartly  the  pressure  inside  the  test  tube  is  lowered  and  the 
lube  (alls  rapidly  until  it  strikes  against  the  india-rubber 
The  tube  T,  which  can  be  closed  by  a  stop-cuck.  admits 
iVf>  E  and  allows  us  to  force  the  test  tube  back  into  its  place 
nolher  expansion.  The  tubes  ft  and  S  are  for  the  purjKiaes 
gulating  the  amount  of  expansion.  To  do  this  the  mercurj 
il  B  is  raised  or  lowered  when  the  test  tube  is  in  its  loweal 
lion  until  the  gauge  G  indicates  that  the  pressure  in  -4  is  the 
«d  amount  below  the  atmospheric  pressure.  The  stop-cock  S 
en  closed  and  air  is  admitted  into  the  interior  of  the  piston 
opening  the  atop-cock  T.  The  piston  then  rises  until  the 
e  in  jl  dififers  from  atmospheric  pressure  only  by  the  amount 
lired  lo  support  the  weight  of  the  piston ;  this  pressure  is  only 
tiine  to  a  fraction  of  a  millimetre  of  mercury. 

If  n  is  the  barometric  pressure,  then  P,,  the  pressure  of  the 
Before  expansion,  is  giren  by  the  equation 

P.  =  n  -  TT. 
e  IT  is  the  maximum  vapour  pressure  of  water  at  the  tempera- 
iif  the  experiment.     The  pressure  of  the  air  P,  after  the 
Qsion  is  given  by 

F..=  p-p, 

tp  is  the  pressure  due  to  the  difference  of  level  of  the  mercury 
L'  two  Arms  of  the  gauge  G. 

IlUi9  if  d  is  the  final  and  Wj  the  initial  volume  of  the  gas 

vt    p,    li-T-p- 

fie  vessel  in  which  the  rate  of  fell  of  the  fog  and  the  cou- 
nty of  the  gas  are  tested  is  at  j4,  It  is  a  glass  tube 
llimetres  in  diameter  covered  with  an  aluminium  plate  :  to 
the  abnormal  ionisation  which  occurs  when  RSntgen  rays 
against  a  metal  surface,  the  lower  part  of  the  aluminium 
is  coated  with  wet  blotting-paper,  and  the  electric  current 
I  from  the  blotling-ptijter  to  the  horizontal  surfiice  of  the 
beneath.  The  induction  coil  and  the  focus  bulb  for  the 
Btion  of  the  Rontgen  raya  are  placed  in  a  large  iron  tank, 
!  bottom  of  which  a  hole  is  cut  and  closed  by  an  alum 
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wiii'low.  Till'  \\'s.set  A  is  plaoed  undemeaUi  ttit  nn&nr  lii 
ilu-  bulb  ^ivjii^'  nut  the  rays  some  disuuic«  abow  it  so  ihil  fix  I 
biam  of  niys  isciiping  from  the  tank  is  ttc*  veiy  divetpnt.  J 
The  iiilt'iisit\'  111'  iho.  rays  can  be  reduced  Ut  wit  rvqniied  ffcgiw  J 
bv  inserting  Iijim's  of  tinfoil  or  sheets  of  alnminioio  betTMntiwI 
biilb  imd  tht'  vfrts.'!. 

Ill  thfse  t'x]u>riineni8  it  is  necessarj'  Ut  voA  with  raj  "oA  J 
niys,  S(>  that  the  tiiimber  of  ions  is  comparatively  small ;  wfaen  fin  I 
iiiinibiT  of  ions  is  large  Gorae  of  them  seem  to  escape  bocabeisg  1 
fiiuj^bt.  by  till'  flciud  produced  by  the  expaosioD,  and  when  this  I 
is  Ihf  I'lisi'  tho  imml»r  nt  iutm  Hndiioed  from  the  time  of  fsU  rf  1 
lh.>  cloiul  win  be  to  lerefore   adirisable   to  woA 

with  siiih  wiak  innil  Ijfehat  the  first  cloud  ck*'' 

Hway  nil  Ilu-  ioiiB.  J 

To  Hiid  tho  currei  l  the  gas,  the  tank  and  tb^ 

iiliuuiiiiiini  [ilutL'  Lin  Mel  A  are  connMiicd  «it-i* 

mil'   iNiir   o(  ijimdraii  ©meter,   the   other  pair  i>* 

.jimilnints  is  eimni^ch  ;r  surface  in  the  vessel  J.   '• 

lIuH  Mirlluv  is  chnrgi  va  potential  by  connectiajj 

it  wiili  >iiu'  .if  the  te  tery,  the  other  terminal  o*  ' 

whii-h  is  ciiirKii'tiil  v  After  the  suriaoe  has  beoiM 

fliaigi'tl  it  i»  lii.-icciimi.-etod  fmm  the  batU-iy  iind  the  insiilatiot* 
of  till'  syslfiii  li'sti'd  by  observing  whether  there  is  any  leak 
niii'ii  the  Hiiiitgi'11  rays  arc  shut  off;  the  insulation  having  been 
fnuiid  NilistJiclnry,  the  niys  are  turned  on  and  the  charge  begins 
tn  li'iik  from  the  electrometer;  by  measuring  the  rate  of  leak 
t.bi'  ijimnlily  of  electricity  which  in  one  second  passes  through 
IIk'  gas  i>\p(ised  to  the  niys  can  be  determined.  For  suppose 
Unit  in  a  si^coiid  the  electrometer  reading  is  altered  by  jj  scale 
divisions,  and  that  one  scale  division  of  the  electrometer  corre- 
Npoiuls  to  a  [Hitential  difference  V  between  the  quadrants,  and 
that  C  is  tho  capacity  of  the  system  consisting  of  the  electrometer, 
the  water  siirtiice  and  the  connecting  wires,  then  the  quantity  of 
electricity  which  passes  in  one  second  through  the  gas  exposed 
to  the  rays  is  pVC.  If  n  is  the  total  number  of  ions  positive  aa 
well  as  negative  per  cubic  centimetre  of  the  gas,  m,  the  mean  of 
the  velocities  of  the  positive  and  negative  ions  under  a  potential 
gradient  of  a  volt  per  centimetre,  E  the  potential  gradient  in 
volts  per  centimetre  acting  on  the  ionised  gas,  A  the  area  of  the 
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r  sorbce,  the  current  through  the  gas  is  i;4uai  tn  /InewJ?" 
8  this  current  is  equal  to  pVO,  we  have 

■equation  by  means  nf  which  we  can  determine  ne,  and  as  from 
P  experiments  on  clouds  we  know  the  value  of  Ji  we  can  at  oijce 
e  the  value  of  e.  Proceeding  in  this  way  the  author  found 
ill  1898  that  for  the  ions  produced  by  Rontgen  rays  passing  through 
ivir.  using  electrostatic  units, 

e  =  6-S  X  10-"'gr,t(cm.)'{aec.)-'. 

I  A  similar  series  of  expeiimenta  on  the  iona  produced  by 
toigen  rays  passing  through  hydrogen  gave  for  e  the  charge 
I  the  hydrogen  ion  the  value 

X  10-"  (gr.)i  (cm.)>  (sec.)-'. 

f  liiffereoce  between  this  and  the  value  of  the  charge  on  the 

9  much  less  than  the  error  of  experiment,  so  that  the 

•a  on  the  iona  are  the  same  in  these  gases.     This  was  shortly 

mards  confimted  by  the  experiments  made  by  Townsend  on 

U  rates  of  diffusion  of  the  ions ;  an  account  of  these  experiments 

■  already  been  given  in  Chapter  II. 

76.  The  author  in  1901-2  repeated  these  experiments  on  the 
W^  carried  by  the  ions,  making  some  modifications  in  the 
luilhwL  Id  the  firat  place,  the  ionisation  was  produced  by  the  radia- 
:iiin  torn  radium  instead  of  by  the  Rontgen  raj-a ;  this  was  done  to 
,"^t  a  more  uniform  rate  of  ionisation  than  is  possible  with  Rontgen 
■»W,  the  irregularity  of  which  gave  a  great  deal  of  trouble  in 
'he  earlier  investigation.  Secondly,  the  electrometer  used  in  the 
new  experiments  was  much  more  sensitive  than  the  old  one,  the 
'itw  electrometer  was  of  the  Dolezaiek  type  and  gave  a  deflection 
't  20.000  scale  divisions  for  a  potential  difference  of  one  volt. 

I  The  meaaureinents  maiie  by  C.  T.  R.  Wilson"  (see  Chap.  VII.) 
(r  that  with  expansions  between  125  and  13  negative,  and  only 
ttii-c,  ions  act  as  nuclei  for  cloudy  condensation,  while  with 
xions  greater  than  1*3  both  negative  and  positive  ions  are 
t  down  by  the  cloud.  It  was  feared  that  when  the  expan- 
e  sufficiently  large  to  bring  both  sets  of  ions  into  play  the 
I  negative  ions  might  have  a  tendency  to  monopolise 
•  C,  T.  B.  WUaoo,  PMl.  Trant.  Oieiii.  p.  29B. 
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But  vM^, 

9    fi 


SO  that  Ze  =  V2.97rA/ 


V  t;'(Vi  — v) 
9P        V 


Thus  if  X,  V,  and  Vi  are  known  e  can  be  determined. 

By  this  method  Wilson  found  c  =  3*1  x  10""  electrostatic  units. 

Wilson  found  that  some  of  the  drops  in  the  cloud  carried  a 
charge  2e  and  others  a  charge  3e. 

Having  found  the  value  of  e,  let  us  compare  it  with  E  the 
charge  carried  by  the  hydrogen  ion  in  the  electrolysis  of  solutions. 
If  i)r  is  the  number  of  molecules  in  a  cubic  centimetre  of  a  gas 
at  a  pressure  of  760  mm.  of  mercury  and  at  0""  C.  then  we  know 
as  the  result  of  experiments  on  the  liberation  of  hydrogen  in 
electrolysis  (see  p.  77)  that 

i^^=l'22xl0^^ 

In  treatises  on  the  Kinetic  Theory  of  Gases  (for  example,  O.  E. 
Meyer,  Die  kinetUche  Theorie  der  Gase)  it  is  shown  how  by  the 
aid  of  certain  assumptions  as  to  the  nature  and  shape  of  the 
molecules  it  is  possible  to  find  N,  The  values  got  in  this  way 
vary  considerably,  the  best  determinations  of  N  lying  between 
2-1  X  10^  and  10** ;  this  would  make  E  lie  between  61  x  10-i<>  and 
1"29  X  10~^®;  the  value  of  e  is  well  between  these  limits.  Hence 
we  conclude  that  the  charge  carried  by  any  gaseous  ion  is  equal 
to  the  charge  carried  by  the  hydrogen  ion  in  the  electrolysis  of 
solutions. 

This  conclusion  is  also  confirmed  by  the  experiments  of 
Townsend  already  referred  to.  In  these  experiments  the  charges 
on  the  ions  in  air,  hydrogen  and  carbonic  acid  gas  were  directly 
compared  with  E,  and  proved  to  be  equal  to  it  (see  p.  77). 
Starting  with  this  result  we  can  by  direct  experiment  on  gases 
determine  the  value  of  E,  and  then  by  the  aid  of  the  equation 

NE:=^V22xW\ 

the  number  of  molecules  in  a  cubic  centimetre  of  the  gas,  and 
hence  the  mass  of  a  molecule  of  the  gas ;  proceeding  in  this  way 
we  avoid  all  those  assumptions  as  to  the  shape  and  size  of  the 
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moIecuIi?s  of  the  gas,  and  tJie  nature  of  the  actioD  which  occnu 
when  two  molecules  come  into  collision,  which  have  to  be  mad^ 
when  the  same  quantities  are  detennined  by  means  of  the  Kinetii; 
Theorj'  of  Gases.     The  value  we  have  found  for  E  makes 
A^  =  3-9>:I0". 

77.  The  determinations  of  e  described  above  have  been  maif 
on  ions  produced  l^  Rontgen  or  radinm  rays.  The  properties  rir 
the  ions  in  gasea  are  the  «unt>_  however,  whether  the  ions  ait 
produce!.!  bv  Ro  lard,  or  cathode  rays,  or  by  tb^ 

iigency    of   ultn  ridence   in   support  of  this  u 

afforded  by  the  f  n  seen,  the  vdocity  of  the  ions 

in  the  electric  fi  li  whichever  of  the  above-men- 

tioned ways  they  $  eball  see  too  (Chap.  VII.)  thit 

they  behave  in  *  w&y  with  respect  to  their  power 

of  producing  com  i     We  have  thus  strong  reasoo* 

for  thinking  tha  the  ion  does  not  depend  upMi 

the  kind  uf  radia  ite  the  ion.     I  have  made  some 

direct  experiments  ^l. ,  and  have  made  incasurement^ 

of  the  charge  on  the  negative  ions  produced  by  the  incidence  oi 
ultra-violet  light  on  metals ;  the  method  used  was  the  same  as  in 
the  caae  of  the  ions  produced  by  Rontgen  rays,  and  the  result  was 
that  within  the  limits  of  experimental  error  the  charge  on  the 
iicgiitive  ion  produced  by  the  action  of  ultra-violet  light  was  the 
same  sis  that  on  the  ion  produced  by  Rontgen  raj-s*. 

The  case  of  the  ions  produced  by  ultra-violet  light  is  in- 
teresting, as  it  is  the  one  in  which  both  the  values  of  e  and  of  e/ni 
(whtin  the  pressure  is  low)  have  been  measured  when  the  ions 
lire  the  Siinie  in  the  two  experiments. 

78.  As  e  is  the  same  as  E  the  charge  on  the  hydrogen  ion 
while  ejm  is  about  one  thousand  seven  hundred  times  EjM 
where  M  is  the  mass  of  the  atom  of  hydrogen,  it  follows  that  n, 
is  only  about  1/1700  of  M,  so  that  the  mass  of  the  carrier  of  the 
negative  charge  is  only  1/1700  of  that  of  the  atom  of  hydrogen. 

79.  Let  us  now  sum  up  the  results  of  the  determinations  of  < 
and  of  e/m  which  have  been  made  for  the  ions  produced  in  gases  bj 
radiations  of  difierent  kinds.     We  have  seen  that  in  all  the  cases 

*  J.  J.  ThonuoD,  Phil.  Mag.  T.  48,  p.  S4T,  1890. 
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fc-which  e  has  been  detenumet!  it  has  boeo  found  pijual  to  E,  the 

B  on  a  hydrogen  ion  in  liquid  electrolysis.     The  charge  on  the 

iti\is  ion  does  not,  like  that  on  the  ions  in  liquids,  depend  on 

E  substance  from  which  the  ions  are  produced ;  thus  in  the  case 

[  the   ions   produced   by  Rontgen   or  analogous   radiation,  the 

I  an  ion  prrjduced  from  oxygen  is  the  same  as  that  ou 

e  produced  from  hydrogen,  though  in  liquids  the  charge  on  an 

^gen  ion  is  twice  that  on  a  hydrogen  one. 

Again,  at  very  low  pressures,  when  the  negative  ion  can 
cape  getting  entangled  with  the  molecules  of  the  gas  by  which 
rounded,  the  ina^  as  well  as  the  charge  of  the  negative 
1  is  invariable  and  much  smaller  than  the  mass  of  the  smallest 
ftion  of  ortlinary  matter,  i.e.  that  of  an  atom  of  hydrogen, 
Cognised  in  the  Kinetic  Theory  of  Oases,  We  shall  call  each 
I  these  small  negative  ions  a  corpuacle,  thus  negative  electri- 
pstion  when  the  pressure  of  the  gas  is  low  so  that  there  is  only 
Irery  small  quantity  of  ordinary  matter  present,  cot«ist«  of  an 
Bemblage  of  corpuscles. 

On  the  other  hand  the  positive  ions  are,  as  far  as  we  know, 
wwajK  associated  with  masses  which  are  comparable  with  the 
masai-s  of  the  orrlinaiy  atoms  of  the  gas  in  which  they  occur. 

We  are  at  once  led  by  this  result  to  a  view  of  the  nature  of 
tlwtticity  which  in  many  respects  closely  resembles  that  of  the 
"Id  '  One  Fluid  Theory  of  Electricity.'  The  '  electric  fluid '  corre- 
toponiis  to  an  assemblage  of  corpuscles,  negative  electrification 
■oiwisting  of  a  collection  of  these  corpuscles:  the  transference  of 
Wwctrification  from  place  to  place  being  a  movement  of  corpuscles 
pfrom  the  place  where  there  is  a  gain  of  positive  electrification  to 
■We  place  where  there  ia  a  gain  of  negative.  Thus  a  positively 
Ipwctrified  body  ia  one  which  has  been  deprived  of  some  corpuscles. 
Bnne  corpuscles  may  either  remain  free  or  get  attachetl  to  mole- 
^iles  of  matter  with  which  they  come  in  contact;  thus  positive 
BKCtriJication  is  always  associated  with  ordinary  matter,  while 
Bj^tive  electrification  may  or  may  not  be,  according  as  the 
DPrpiittles  arc  or  arc  not  attached  to  molecules  of  ordinary 
■■tter.  Thus  in  gas  at  very  low  pressures  the  corpuscles  are 
■Oe,  bat  in  gases  at  higher  pressures  they  get  attached  to  the 
fclecnlea  iif  the  ims.so  that  there  is  not  much  difierence  between 
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the  effective  masses  of  the  positive  and  negative  iona ;  that  this 
is  the  case  is  indicated  by  the  results  of  the  experiments  we  have 
described  on  the  velocities  of  the  positive  and  negative  iona  in 
the  electric  field,  for  thoagh  the  negative  ion  moves  faster  than 
the  positive,  the  difl'erence  is  not  great.  We  shall  return  to  the 
development  nt  thi:^  corpuscular  theory  of  electricitv  in  a  later 
chapter. 


CHAPTER  VII. 

ff 

ON  SOME   PHYSICAL  PROPERTIES  OF  GASEOUS  IONS. 

80.  One  of  the  most  striking  effects  produced  by  ions  is  the 
influence  they  exert  on  the  condensation  of  clouds.  One  instance 
of  this  is  the  discovery  by  R.  von  Helmholtz*  of  the  effect 
of  an  electric  discharge  on  a  high  pressure  steam  jet.  When 
steam  rushes  out  from  a  jet  placed  near  a  pointed  electrode 
connected  with  an  electric  machine  or  an  induction  coil,  a  re- 
markable change  in  the  appearance  of  the  jet  takes  place  when 
electricity  is  escaping  from  the  electrode.  This  can  conveniently 
be  shown  by  throwing  the  shadow  of  the  jet  on  a  screen ;  when 
there  is  no  escape  of  electricity  the  jet  is  nearly  transparent  and 
the  shadow  is  very  slight ;  as  soon  however  as  electricity  begins 
to  escape,  the  opacity  of  the  jet  increases  to  a  remarkable  extent, 
the  shadow  becomes  quite  dark  and  distinct,  and  colours  arising 
from  the  diffraction  of  the  light  by  the  small  drops  of  water 
^ake  their  appearance,  the  jet  sometimes  presenting  a  very 
beautiful  appearance.  For  an  account  of  the  ways  of  arranging 
the  experiments  so  as  to  observe  these  colours  to  the  best  ad- 
vantage and  of  a  method  by  which  the  size  of  the  drops  of  water 
^n  be  deduced  from  the  colour  phenomena,  we  must  refer  to  a 
paper  by  Barus  f.  This  effect  evidently  shows  that  the  electrifi- 
^tion  makes  the  steam  condense  into  water  drops. 

In  a  later  paper  by  R.  von  Helmholtz  and  RicharzJ,  published 
after  the  death  of  the  former,  the  authors  show  that  a  steam  jet 
IS  affected  by  making  or  breaking  the  current  through  the  primary 

*  B.  Y.  Helmholtz,  Wied,  Ann,  xxxii.  p.  1,  18S7  ;  see  also  Bidwell,  Phil  Mag. 
▼•  29,  p.  15S,  1890. 
t  Barns,  American  Journal  of  Meteorology t  ix.  p.  488,  1893. 
;  R.  Y.  Helmholtz  and  Bioharz,  IVied,  Ann.  xl.  p.  161,  1890. 
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of  an  inductiiui  coil,  even  when  the  temiinala  of  the  secondaJ 
placed  in  the  Tii.'ighbourhood  of  the  jet  are  separated  by  mn*3 
more  than  thf  sparking  distance,  and  that  the  effects  perei* 
even  when  thL*  terminals  are  wrapped  in  moist  filter-]»aper  a 
as  to  catch  any  metallic  particles  that  might  be  given  off  fiwK 
them. 

R.  von  Hehnholtz  and  Richarz  {loc.  cit.)  showed  that  tht 
steam  jet  was  atfec^-^" "'-  — —  ' — i  the  neighbourhood  of  flames 
whether  these   wei  lot  ;  the    very  cool    flames  of 

burning  ether  and  iptions  to  this  statement. 

A  platiimiii  wi  uU  red  heat  affected  the  jet 
when  electrified,  a  i  bright  yellow  heat  affected 
the  jet  even  when  eept  when  the  wire  was  sur- 
rounded by  hydroj  se  the  un electrified  wire  had 
no  effect.  Coal  g.  ;h  platinum  gauze  raised  to 
a  dull  red  heat  alt  i  jet. 

The  jet  is  also  affected  by  tne  presence  in  its  neighbourhood 
of  certain  substances  such  as  sulphuric  acid,  also  by  gases  which 
are  dissociating  or  undergoing  chemical  changes  in  the  air  such 
as  NjO,  or  NOi,  it  is  not  affected  by  ozone  or  hydrogen  peroxide. 
If  however  ozone  is  destroyed  by  bubbling  through  such  sub- 
stances as  solutions  of  potassium  iodide  or  potassium  perman- 
ganate, the  gas  which  emerges  has  the  power  of  affecting  the  jet; 
this  gas  hivs  also  the  power  of  forming  clouds  when  it  comes 
into  contact  with  moist  air,  as  was  first  shown  by  Meissner*; 
exjjeriments  on  this  point  have  also  been  made  by  R.  von  Helm- 
holtz  and  Richarz  and  by  J.  S.  Townsendf.  The  action  in  this 
case  and  in  other  caaes  of  the  effect  of  chemicals  is,  as  we  shall 
see,  pnibably  due  to  the  formation  of  some  substance  which 
dissolves  in  the  drops  of  water  and  lowers  their  vapour  pressure; 
thus  the  drojfi  in  this  case  are  not  formed  of  pure  water,  but  of 
more  or  less  dilute  solutions. 

Moist  air  di-awn  over  phosphorus,  sodium  or  potassium  also 
affects  the  jet. 

Lenard  and  WolffJ  also  showed   that  the  incidence  of  ultra- 

•  Meisaner,  Jahrttbtr.f.  Chtmie,  1863,  p.  126. 

+  J,  S.  Townsend.  Proc.  Camb.  Phil  Soc.  i.  p.  62,  1898. 

t  Lenard  ani  Wolff,  Wied.  Ann.  iiivii.  p.  413,  1B99. 
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fioiet  light  on  a  zinc  plate  or  on  some  fluorescent  solutions  in  thu 

DVLghboiirhood  of  a  steam  jet  produced  condensation  in  the  jet ; 

■  nmilar  tffect  was  produced  by  ultra-violet  light  passing  through 

(uarU.    Richara*   showed   that  the   incidence  of  Routgen   rays 

'produced  condensation  in  the  jet.     There  was  for  some  time  con- 

tidemble  difference  of  opinion  as  to  the  cause  of  this  behaviour 

bf  the  steam  jet ;  the  earliest  researches  on  this  subject  came 

Wa  lime  when  the  experiments  of  Aitkenf,  of  CoulierJ  and  of 

Kirasling  §  had  drawn  attention  to  the  great  effect  produced  by 

inn  on  cloudy  condensation.     These  physicists  had  shown  that 

e  clouds  produced  by  the  lowering  of  temperature  resulting 

itn  a  small  adiabatic  expansion  of  the  damp  dusty  air  of  an 

room  entirely  disappeared  if  the  dust  were  filtered  out 

Wthe  riir:  the  drops  in  the  cloud  were  shown  to  collect  round 

tie  particles  of  dust,  the  water  drops  were  thus  able  to  start  with 

Snite   radius — that   of  the  dust  particle — and  so  had  not  to 

ss  through   the   stage   when    their   radius   was   of   molecular 

liinenaions,  when,  as  Lord  Kelvin  has  shown,  the  effect  of  sur&ce 

would  lead  to  such  intense  evaporation  as  soon  to  cause 

li«  disappearance  of  the  drops. 

The  discovery  of  the  effect  of  dust  on  the  condensation  of 
wtej  vapour  produced  a  tendency  to  ascribe  the  formation  of 
ilAaiJH  in  all  cases  to  dust  and  to  dust  alone ;  in  fact,  to  use  the 
idication  of  the  steam  jet  as  a  measure  of  the  dustiness  of  the 
r;  thus,  for  example,  Lenard  and  Wolff  ascribed  the  effect 
ihich  they  found  was  produced  by  the  incidence  of  ultra-violet 
Ight  on  metals  to  metallic  dust  given  off  by  the  metal  under 
Be  influence  of  the  light.  On  the  other  hand,  R.  von  Helmhottz, 
i  later  Richarz,  strongly  maintained  the  view  that  many  of  the 
they  observed  were  not  due  to  dust,  but  to  ions,  and 
Itty  gave  strong  arguments  and  made  some  striking  experi- 
ents  in  support  of  thia  view :  as  however  this  evidence  is 
muwhaC  indirect,  and  as  the  truth  of  their  view  has  been 
di^tabty  proved  by  the  direct  experiments  recently  made  by 

'  Biohan.  WttJ.  dm.  Ux.  p.  399,  1896. 

t  AltlNB,  fTitturt,  txiil.  pp.  laS.  864,  I8B0,   Tram.   Roy.   Sm.   Edtii.   iixiii. 

H7,  1881. 

i  CoalUr,  Jountol  Ht  Pharm.  it  dt  Chimit,  ixii.  p.  ISfi,  19TG. 

I  KI««klliig,  .VdMm'.  ftrriii  Hamburg-AUona,  viii,  1,  1684. 
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C.  T.  R.  Wilfion",  we  sball  proceed  at  once  to  a  deaeription  of 

his  researches. 

81.  The  method  used  by  Wilson  was  to  suddenly  ewl  ihe 
moist  gas  by  an  adiabatic  expanaion.  eo  that  the  gas  which  i*Hi 
Sitturated  with  water  vapour  before  cooling  became  supereatuiattid 
afterwards.     One  of  the  arrangements  used  by  Wilson  toproduee 


the  cxpiinsion  is  shown  in  Fig.  36 :  the  way  in  which  the  appi^' 
ratus  works  ha.s  already  been  explained  (see  p.  154).  It  is  %'ery 
important  in  these  experiments  that  the  expansions  which  produce 
the  cloud  should  be  as  rapid  as  possible,  for  with  slow  expansions 


•  C.  T.  B.  Wilson,  Phil.  Tram.  189,  p.  265,  1697. 
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as  the  supersaturation  is  sufficient  for  the  first  drops  t 
led,  if  these  have  time  to  grow  before  the  expansion  i 
bed,  they  will  rob  the  air  of  its  moisture,  and  the  superJ 
on  will  not  rise  much  above  the  value  required  for  th) 
m  of  the  first  drops.  To  ensure  this  rapid  espansioi 
:oQ  P,  Fig.  36,  should  be  light  and  able  to  move  freeM 

down,  and  the  arrangement  by  which  the  difference  c 
*  between  the  inside  and  outside  of  the  cylinder  i 
ihould  work  vciy  rapidly. 

Using  an  arrangement  of  this  nature.  Wilson  found  thatfj 

lusty  air  filled  the  expansion  chamber  a  very  slight  ( 
I  sufficient  to  prodtice  a  dense  fog ;  if  this  was  allowed  t 
id  the  process  repeat-ed,  the  (lir  by  degrees  got  deprived  o 
which  was  carried  down  by  the  fog ;  when  the  air  becamw 
J  no  fogs   were   produced   by   small    expansions.     If  i 
the  measure  of  the  expansion  the  ratio  of  the  final  I 

iial  volume  of  the  gas,  no  cloud  was  produced  in  the  dustr^ 
tmtil  the  expansion  was  equal  to  1'25.     When  the  < 
was  between  125  and  138,  a  few  drops  made  their  i 
I ;  these  drops  were  very  much  fewer  in  hydrogen  I 
,  increasing  the  expansion  beyond   1"38  a  much  dei 
ks  prodnoed  in  the  dust-free  gas,  and  the  density  of  t 

tow  increased  very  rapidly  with  the  expansion.  Thus  ^ 
even  when  there  is  no  dust,  cloudy  condensation  can  1 

hI  by  sudden  expansions  if  these  exceed  a  certain  lin 
lit  appears  to  be  independent  of  the  nature  of  the  j 
)wn  by  the  following  table,  which  gives  the  ratio  of  tlM 


lo- 

Cloud-tike  oondeasatioD 

Final/ initid 
volume 

aoper- 

Filial /inilUl 
volume   - 

Soper- 

1 

1-SS7 
1-2SS 

I'36fi 
1-30 

4-2 
4-3 

4-4 

4-S 
3'4 

1-376 
1875 
1375 

1-53 
144 

7-9 

5^ 

7-9 
7  3 

G-9 

11 

rl  to  produce  the  tirst   or  rain-like  stage  of  con- 
the  supersaturation.  i.e.  the  ratio  of  the  pressure 
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of  the  aqueous  vapour  actually  present  when  the  condensation 
begins  to  the  siituration  vapour  pressure  at  that  t-emperature  ■ 
the  third  anri  iixirth  columns  give  the  corresponding  quantities 
for  the  second  stage  of  the  condensation,  i.e.  when  the  expansion 
produces  a  dense  cloud. 

The  rain-liki'  condensation  is  absent  in  hydrogen. 

83.  The  description  given  above  relates  to  the  behaviourofgas 

in  the  noitnal  state " — - —  ''■"  gas  to  KSntgen  raj-s,  Wilfioo 

found  that,  as  in  tl  ere  were  no  drops  until  the 

expansion  was  equa  sing  this  limit  however  the 

density  of  the  clout  f  increased  by  the  raj^a,  aiiQ 

if  these  were  strong  ich  were  all  that  were  fornie*^   1 

when  the  rays  were  aced  by  a  dense  and  almost  , 

opaque  cl<3ud.     The  ys  does  not  affect  the  espan  ' 

sion  required  to  prot  o  matter  how  strong  the  raj'^' 

may  be  there  is  no  nless  the  expansion  exceed^ 

1-25 :   the  strength  (  «e8  the  number  of  drops  it^ 

the  cloud,  but  rloi^s  not  atiect  ine  swige  at  which  thi.'  cloud  bcpns-' 
The  effect  of  the  rays  in  producing  a  cloud  lasts  some  few  seconds- 
after  the  lays  have  been  cut  off.  Wilson*  has  shown  that  the 
radiation  from  uranium  and  other  radio-active  substances  pro- 
duces the  same  effect  as  Rontgen  rays,  as  does  also  ultra-violet 
light  when  incident  upon  such  a  metal  as  zinc :  the  effects  pro- 
duced by  ultra-violet  light  are  however  somewhat  complicated  and 
we  shall  have  to  return  to  them  again. 

84.  That  the  effect  produced  by  RSntgen  and  uranium  rays  is 
due  to  the  pi-oduction  of  charged  ions  produced  in  the  gas  can  be 
shown  directly  by  the  following  experiment.  If  the  ions  produced 
by  the  Riintgen  rays  act  as  nuclei  for  the  water  drops,  then  since 
these  ions  can  be  withdrawn  from  the  gas  by  applying  to  it  a 
strong  electric  field,. it  follows  that  a  cloud  ought  not  to  be  formed 
by  the  rays  when  the  air  which  is  expanded  is  exposed  to  a  strong 
electric  field  while  the  raj-s  are  passing  through  it.  This  was 
found  to  be  the  case,  and  the  experiment  is  a  very  striking  one. 
Two  parallel  plates  were  placed  in  the  vessel  containing  the  dust- 
free  air;  these  plates  were  about  5cm.  apart,  and  were  large 
enough  to  include  thegreater  part  of  the  air  between  themf.     The 

•  C.  T.  B.  Wilson.  Phil.  Trant.  193,  p.  408,  1899. 
t  J.  J.  Thomson,  Phil.  Slag,  v,  46,  p.  638,  1998. 
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plait*  uuiild  be  connected  with  the  tenniaals  of  &  battery  of  amall 
iih)rage  cells  giving  a  potential  difference  of  about  400  volts. 
Riintgen  rays  passed  throuj;h  the  gas  between  the  plates ;  the  gas 
hod  pre\ii>a8ly  been  freed  from  dust.  When  the  plates  were  dis- 
wimiecl*d  frum  the  battery  a  suitable  expansion  produced  a  dense 
doud;  when  however  the  plates  were  connected  with  the  battery 
iiiilv  a  very  light  cloud  was  produced  by  the  expansion,  and  this 
flotid  was  almost  as  dense  when  the  Kontgen  rays  did  not  pass 
thrcugh  the  air  as  when  they  did. 

86.  \STien  a  dense  cloud  has  been  produced  by  Riintgen  rays 
lij  an  expansion  between  r25  and  138,  or  by  an  expansion  with- 
out Riintgen  raj's  greater  than  1-38,  then  for  some  little  time  after 
Mje  can  be  produced  by  expansions  less  than  125,  and  these  are 
Ml  eliminated  by  the  action  of  an  electric  field.  A  dense  fog 
tipi«rentJy  leaves  behind  it  little  drops  of  water,  which,  though 
t**  minute  to  be  visible,  act  in  the  same  way  as  particles  of 
diist,  pi-oducing  cloudy  condensation  with  very  slight  expansions. 
"IIbod"  has  also  shown  that  when  electricity  is  discharged  from  a 
pwutol  electrode  in  the  expansion  chamber,  cloudy  condensation 
's,  us  in  the  ease  of  exposure  to  Rontgon  mys,  much  increased  for 
"IKUiaions  between  1-25  and  1'38.  When  the  dischaige  was  stopped 
^^'K  the  expansion  took  place,  it  was  found  that  fogs  could  be 
produced  (or  1  or  2  minutes  after  the  cessation  of  the  discharge; 
«>(■  expansion  required  to  produce  the  fog  diminished  as  the 
'^tetrnl  after  the  cessation  of  the  discharge  increased,  showing 
wiUsome  of  the  nuclei  produced  had  grown  during  this  intenal. 
-Mis  effect  is  probably  due  to  the  formation  of  some  chemical 
Itpmpound  during  the  discharge,  perhaps  nitric  acid,  which  by  dia- 
*ilnng  iji  the  drops  lowers  their  vapour  pressure. 

86.  Wilson  (foe.  cit.)  showed  that  the  passage  of  ultra-violet 
^J^t  through  a  gas  (as  distinct  from  the  effects  produced  when  it 
^^ncident  on  a  metallic  surface)  produces  very  interesting  effects 
^^■the  condensation  of  clouds.  If  the  intensity  of  the  light  is 
^^wll,  then  no  clouds  are  produced  unless  the  expansion  equals 
fiiat  (1'23)  required  to  produce  clouds  in  gases  exposed  to  Rfintgen 
mys.  If  however  the  ultra-violet  light  is  very  intense,  clouds  are 
duced  in  air  or  in  pun*  oxygen,  but  not  in  hydrogen,  by  very 

■  C.  T.  B.  ffilaon.  Phil.  Tram.  198,  p.  40S,  1S99, 
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.,..!.,  iL-    infiu.f.'-  '/I  ».}.*•  -li^ra-vi.,;.:-:  light  of  *-,me  .sub^ranc^- 

•/mI-..!,  -m;.^;.^' :■».•  '!»''»  iM  hi-  'rxii^rrirnrmts  it  was  H.O.— which  bv 

.1.    .,j  Mii;/  jri  U."  'l'"|'>  '^"^  »h'-y  fonri  lowi^rs  thf-  equilibrium  vap:.ur 

t^K  .  .-Ml.  .  Jih'l  l.l»"«  'nulili"-:  ih«;  Hrojis  to  grow  under  circumstancts 

I.I.  Ii   'oiiM  ii.jili'- *li"|»'"»  ''f'p'^''*  wfitcr  I'vapirat^.     This  explana- 

J.,  iM|i|M.ihil  l»y  Mh-  liirl  tlijit  ultni-violet  light  does  not  pn> 

iliii.    I  III  II.  ill. mill  ill  vvuliT  vjipoiir  hy  itst/lf  or  in  hydrogen:  and 

.il..i.  I.y  ilii:  liH'i,  i.liiit..  iiiilikn  i\\i\  rloiids  due  to  Riintgen  rays,  these 

♦  liiiiihi  liiiiiM'd  l».v  iill»'»  violi-t  li^dit<lonot  diminish  in  density  when 

.)  MJiMii^  .  lii'liH-  liild  iH  JipjiliiMl  to  the^'a-s,  showing  that  the  nuclei 

itir  1 11  till   iimI.  fliHi'^rtl  nr  lluit  if  they  are  charged  they  are  so 

Inmliil  wHIi  liiivi^ni  nu'lrrulfs  that  they  d(»  not  move  perceptibly  in 

\]\\y  nlii'l  I  h'  lii'M     Vinreiitt  has  iihservtHl  movements  of  these  dro|)S 

III  It  hlmiifi  rjritiir  liehl ;  he  found  that  some  drops  moved  in  one, 

ollupi  ill  the  oppt»f*ilo  tliivelioii,  while  theiv  weiv  some  which  did 

iiol  mo\i»  at  mII     Thus  somr  dn^jKs  are  unchai-gtHl,  others  iH>sitively 

\\\  iUM4ili\ely  rhai>;t*d.     It  would  thus  seem  that  the  charges  have 

hi»lliiiiM  <o  do  with  ih*'  formatii»n  of  thesi*  divps»  the  drv^ps  merely 

luniKUM  a  hv»uie  f\»r  the  ions  pi\Khuv\l  by  the  ultni-violet  light. 

|I7,     lUuHmai  |.  \^  ho  e\aiuiiu\t  this  v|uestiou  with  great  care,  o.^uld 

'  Jl.  'V>Uvl«U,  t'hkl.  nan*.  llHs  V-  ^*^*«  ^^^^^■ 

I  VmiMiUli  hv<-  iUN*^'  t*m:.  \tf<.  \\\.  \\  ^^,  I  AH. 
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lb  any  conductivitj'  in  the  air  through  which  the  ultra-violet 
iight  pnssed.  Leoard"  has  however  shown  recently  that  a  certain 
liiiiil  of  ultra-violet  light  which  is  absorbed  so  quickly  by  the  air  as 
in  be  extinguished,  when  the  air  is  at  atmospheric  pressure,  within 
a  spiwe  of  a  few  centimetres,  does  produce  electrical  conductivity 
ia  ihe  gas  through  which  it  passes,  and  that  a  charged  conductor 
[ilaced  in  the  neighbourhood  of  air  traversed  by  these  rays  loses  its 
'■liarge, and  does  so  much  more  rapidly  when  the  charge  is  positive 
shau  when  it  is  negative.  Lenard  determined  the  velocity  of  the 
MgBtivif  ions  by  a  method  analogous  to  that  described  on  page  40 
M(i  found  this  veUwity  through  air  at  atmospheric  pressure  to  be 
S'13  cni./sec.  under  a  potential  gradient  of  a  volt  per  ciu. :  this  is 
sbiiut  twice  the  velocity  of  the  ions  produced  by  Rontgen  rays ; 
iia  the  other  hand  the  velocity  of  the  positive  ions  under  the  same 
|Nilcntkl  gradient  was  not  more  than  ■0015  cm. /sec,  which  is  only 
'biiiit  one  thousandth  part  of  iht-  velocity  of  the  positive  ion  pro- 
'iiiod  by  Rontgen  rays.  The  greater  mobility  of  the  negative 
"'II!"  explains  why  the  leak  from  a  positively  charged  body  in  the 
[neighbourhood  of  the  ionised  gas  ia  so  much  more  rapid  thnii 
'hat  from  a  negatively  charged  one.  We  shall  return  to  this  point 
111  the  chapter  on  the  effect  of  ultra-violet  light  on  gases. 

88.  The  results  oblaiued  by  Wilson  and  Lenard  seem  to  point 
'"  the  conclusion  that  when  gas  is  exposed  to  the  action  of  ordinary 
iiltra-riolet  light,  we  have  some  chemical  action  taking  place, 
faulting  ID  the  formation  of  a  product  which  by  dissolving 
ia  Witter  lowers  the  vapour  pressure  over  the  drops  and  thus 
•otitaies  their  fomiation.  When  these  drops  are  exposed  to  the 
nftnence  of  ultra-violet  light  of  the  kind  investigated  by  Lenard, 
thej  lose,  aa  so  many  other  bodies  do  when  illuminated  by  light 
"'  this  kind,  negative  electricity,  and  it  is  the  negative  ions 
I'ltrated  in  this  way  which  produce  the  electrical  conductivity 
TOTeetigatvd  by  Lenard.  The  difference  between  the  action  oi 
violet  light  and  Rontgen  rays  is  that  the  fonner  when  very 
lie  can  produce  clouds  with  little  or  no  expansion,  while  the 
■  cannot;  this  on  the  theory  given  above  is  due  to  ultra- 
light being  more  efficient  than  Rontgen  rays  in  promoting 
ical  action ;  there  are  many  examples  of  this,  e.g.  the  eom- 
ition  of  hydrogen  and  chlorine, 

'  Lenud.  Ann.  dtr  Pbj^.  i.  p.  Am ;  iii.  p.  'iy^,  UK)0, 
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The  influence  of  minute  traces  of  soluble  substances  in  pp> 
moting  the  fumiation  of  clouds  has  been  shown  in  a  very  8traigh^ 
forward  way  in  some  experiments  made  by  H.  A.  Wilsou".  The 
writer-f-  has  shown  how  drops,  even  if  their  existence  is  Terj' 
transient,  would  facilitate  the  progress  of  chemical  combioatioo 
between  the  giises  surrounding  tbem,  and  how  this  action  wouM 
afford  an  explanation  of  the  remarkable  fact  investigated  b^ 
Baker  j  and  Pring3heim§,  that  the  occurreoce  of  some  of  the  be«l 
known  cases  of  (  n  between  gases  depends  upon 

the  presence  of  not  take  place  in  gases  dna: 

with  extreme  cai 

89.     X'iclei  ,  '.  R.  Wilsonlj  has  shown  tha 

certain   metals  f  ch  cause  cloudy  condensatin 

when  the  expan  itthough  the  effects  are  mnc 

more  marked  wh  increased  to  1-30.   The  amoui 

of  this  effect  dej  the  kind  of  metal  used;  ams 

gamatcd  zinc  gi'  dense  clouds,  polished  zinc  ai 

lead  alsi)  show  the  eneci  «^.. ,  on  :he  other  hand  poli.'^hiMl  copp 
and  tin  produce  no  appreciable  effect.  The  order  of  the  met) 
in  respect  to  their  power  of  producing  nuclei  for  cloudy  condens 
tion  is  the  same  as  their  onler  in  respect  to  their  power 
affecting  a  photogniphic  plate  placed  at  a  small  distance  from  th' 
surface,  a  subject  which  has  been  studied  by  Russell^  and  Colson' 
The  effect  pnxluced  by  the  presence  of  a  metal  on  clouds 
hydrogen  is  very  slight. 

Although  the  expansion  required  to  produce  cloudy  conden; 
tion  when  metals  are  present  is  the  same  as  when  charged  ic 
are  pn^duced  by  Rontgen  rays,  the  metal  effect  differs  from  t 
Rontgen  ray  effect  inasmuch  as  it  is  not  diminished  by  the  app 
cation  of  an  intense  electric  field.  It  is  possible  however  that 
still  air  the  ionised  gas  is  confined  to  a  layer  close  to  the  surft 
of  the  metal,  and  that  the  rush  of  gas  caused  by  the  sudd 
expansion  detaches  the  layer  and  scatters  the  ions  throughout  t 

■  H.  A.  Wilson,  Phil.  Hag.  v.  45,  p.  454,  1898. 

+  3.  J.  Thomson,  Phil.  Mag.  V.  36,  p.  313,  1893 ;  B.  J.  Hfporl.  1891. 

I  Bftker,  Phil.  Trant.  179,  p.  -571,  1888. 

ij  Pcingsheim,  Wifd.  Ann.  iiiii.  p.  384, 1SB7. 

,1  C.  T.  R.  WUson,  Phil.  Tram.  192,  p.  403,  1899. 

H  BnsBell,  Proe.  Roy.  Son.  Iii.  p.  424.  1897  ;  liiii.  p.  102,  1698.. 

••  ColBon,  Comptti  Bendiit,  133,  p.  49,  1896. 


W]    UN  SOllE   PHVSICAL   PROPERTIES   OF   GASEOUS   luXS.       173 

Toiuioe  of  the  gas.  If  this  be  the  case,  tbeii,  since  the  ions  are 
only  free  during  the  short  time  the  expansion  is  taking  place,  tht?y 
Kill  not  be  appreciably  affected  by  the  electric  field,  which  cannot 
iti  the  short  time  at  its  disposal  sweep  the  ions  from  the  gas. 
The  existeucti  of  such  ii  layer  of  ionised  gas  next  the  metal  i§ 
rendered  vi-ry  probable  by  the  effects  which  are  known  to 
nceoinpany  the  splashing  of  drops  of  water,  mercury  and  many 
"iber  liquids.  Thus  Lenard"  showed  that  when  drops  of  water 
I'l.isbed  against  a  metal  plate,  the  drops  of  water  became  ^xisi- 
ly  electrified  while  there  was  negative  electrification  in  the 
iinimding  air.  Air  shaken  up  in  a  bottle  containing  mercury 
■  '  imes  negatively  electrified.  Lord  Kelvinf  has  shown  that  when 
'  1.^  bubbled  through  water  it  comes  off  charged  with  negative 
iricity,  I  have  recently  fonnd  that  if  the  air  is  made  to 
'  iblie  with  great  vigour  through  water  then  when  it  leaves  the 
lii-T  it  coutmns  positive  as  well  as  negative  ions,  though  the 
'■itttr  are  the  more  numerous ;  air  treated  in  this  way  was  found  to 
(lischiirge  a  body  with  a  negative  charge,  though  not  so  rapidly  as 
I'll:'  with  a  positive  one.  As  another  illustration  of  electrification 
iifwiiiced  by  an  agitation  at  the  surface  of  water  we  may  mention 
ihai,  HolmgrenJ  has  shown  that  when  two  wet  cloths  are  brought 
'"[[ethi.'r  and  then  pulled  suddenly  ajjart  electrification  is  pro- 
duced, the  positive  electrification  being  on  the  cloth,  the  negative 
in  the  air.  He  also  found  that  when  the  area  of  a  water  surface 
*M  changing  rapidly,  as  for  example  when  ripples  were  travelling 
""ii  the  surface,  electrification  was  produced,  the  positive  elec- 
Uicity  being  on  the  water  and  the  negative  in  the  air.  The  writer 
'"undj  that  when  the  liquids  were  surrounded  by  pure  hydrogen 
"istead  of  air,  the  electrification  produced  by  splashing  was 
'^weedingly  small :  Wilson,  as  has  already  been  stated,  found  that 
t^i«  effect  produced  by  metals  on  cloudy  condensation  was  exceed- 
singly  eiQsll  in  hydrogen.  These  facts  are  sufficient  to  show  that  the 
"^iposure  of  a  fresh  surfiic«  of  many  substances  is  accompanied  by 
1  of  ions  through  the  adjoining  gas.  This  woiild  naturally 
i  in  the  formation  of  a  double  layer  of  electrification  at  the 

,  trUd.  Ana.  xM.  p.  6»4, 1892. 

^id  EelTin,  l^oc.  Roy.  Son.  Kii.  p.  336. 1694. 

lolmgien,  Sot  le  Uivelopptmait  dt  Vfttetricili  au  eunlaci  ile  fair  el  th  I'taa. 
WpkgtiograpHqiu  dt  Lumt.  ISH. 
P  J.  11.001.1.0,  na.  Hug.  V.  87.  p.  341,  1694. 
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surface,  and  it  ia  possible  that  one  of  the  coatiuga  of  this  Uytr 
might  be  reiiiuved  by  the  rush  of  air  when  the  expansion  t^ea 
place. 

We  know  ti.io  that  metals  emit  radiatioD  which  can  ionise  a  g»*> 
and  that  part  of  this  radiation  is  rapidly  absorbed  by  the  gaa.au 
that  the  ionised  layer  produced  by  it  would  be  very  thin.  It  is 
important  to  notice  that  if  this  layer  of  ionised  gaa  were  veiy  clost 
to  the  surface  of  tbe  metal,  the  ions  in  it  would  not  be  dispersei 
into  the  siirrount  ugh  the  metal  were  chaige>i  u] 

so  as  to  produce  of  very  considerable  atrengtt 

For  suppose  we  1  a  point  /"  at  a  distance  r  fror 

a  plane  conductii  lere  will,  in  consequence  of  ih 

electricity  of  opp  ,  on  the  plane,  be  a  pull  on  th 

chaise  at  /•'  tow  qual  to  e^/lr*;   if  there  is  a 

external  field  of  o  ig  to  make  the  charged  bod 

move  awa-^'  from  ill  not  be  able  to  overcome  th 

attriiction  towards  s  .Fe  is  greater  than  ^/4ir",  or , 

greater  than  ejij*.  uei.  us  sup^,...,-?  e  is  equal  to  the  charge  on  a 
ion,  3'4  X  10""  in  electrostatic  units,  and  that  the  strength  of  t\ 
electric  field  is  100  volts  per  centimetre,  which  on  the  electrostat 
system  is  equal  to  J,  then  we  see  that  the  force  on  the  ion  in  th 
strong  field  will  be  towards  the  plate,  i.e.  the  ion  will  not  be  dri\t 
into  the  surrounding  gas  if  r  is  less  than  I'G  x  10"*;  we  see  froi 
this  example  that  it  must  be  exceedingly  difficult  to  detach  vei 
thin  layers  of  ionised  gases  by  electrical  means. 

90.    The  few  nuclei  that  produce  rain-like  condensation  wit 

expansions  between  1"25  and  1'38  in  gases  not  exposed  to  ar 
external  ionising  agent  arise  from  the  ionisation  which  as  we  ha\ 
seen  is  present  in  all  gases  shut  up  in  closed  vessels.  In  his  earlJi 
experiments  Wilson  was  not  able  to  detect  any  diminution  in  tl 
number  of  drops  when  the  expansion  took  place  in  a  strong  electr 
field.  In  some  later  experiments  {PhU.  Mag.  June,  1904)  in  whic 
he  used  veiy  much  lai'ger  vessels  he  was  able  to  show  that  a 
(electric  field  produced  a  great  diminution  in  the  number  i 
nuclei.  The  absence  of  this  diminution  in  the  small  vessels 
due  to  the  great  diminution  in  the  number  of  free  ions  produce 
by  their  diffusion  to  the  walls  of  the  vessel,  the  diffusion  producin 
niuch  greater  effect  in  small  than  in  large  vessels.  This  reductio 
ill  the  number  of  the  ions  not  only  makes  variation  in  their  numbi 
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^tect  on  account  of  the  rapidity  with  which  tlie 
.:  (In>p3  formed  round  them  fell,  but  it  also  enables  verj'  weak 
'  ' 'trie  fields  to  remove  them  from  the  vessel,  so  that  in  small 
ii-wtls  small  ftcciduntal  differences  of  potential  might  havL'  pro- 
iliii^ed  satumtion  before  the  external  field  was  applied. 

dmpiirative  efficiency  of  positive  and  negative  iong  i>i  produciiip 
condensation  of  clouds. 

91.  The  writer"  in  1893  made  an  experiment  with  a  steam  jet 
fhich  showed  that  negative  electrification  had  a  decidedly  greater 
<;S«t  in  promoting  condensation  than  positive.  The  following 
irtnngenient  was  used.  A  vertical  glass  tube  dipped  into  the  steam 
■ii^imber,  and  to  the  top  of  this  tube  was  fused  a  horizontal  cross- 
[iicB,  ibe  ateam  issued  from  nozzles  at  the  ends  of  the  cross- 
i"i-ce;  into  these  nozzles  pointed  platinum  wires  were  fused,  and 
ihise  wires  were  connected  with  the  terminals  of  a  small  induction 
mil.  When  the  coil  was  in  action  there  was  great  condensation  in 
iht  two  jets,  but  the  jet  at  the  nozzle  connected  with  the  negative 
!*minal  of  the  coil  was  always  denser  than  that  connected  with 
iie  positive ;  this  was  not  due  to  any  want  of  symmetrj-  in  the 
lulx-s  or  differences  in  the  nozzles,  for  on  reversing  the  coil  the 
'liJMer  clond  pa.^sed  from  one  nozzle  to  the  other.  No  sitarks 
jbmnI  between  the  platinum  electrodes,  the  strength  of  the  coii 
ijeing  only  sufficient  to  give  a  non-luminous  discharge  fiom  their 
IxiintA 

Later  in  I898t  I  observed  indications  of  a  similar  effect  when 
'It'inis  were  produced  by  expansion,  bnt  the  subject  was  firet 
■vstBniaticrtlly  investigated  by  C.  T.  R.  Wilson  J  in  1899.  Wilson 
"ivfsiigated  the  amount  of  expansion  required  to  make  positive 
:inil  negative  ions  act  as  nuclei  for  the  condensation  of  water 
'if'^pa ;  he  used  several  methods,  the  arrangement  of  the  appaiutus 
m  "ne  of  these  is  ahown  in  Fig.  37.  The  vessel  in  which  the 
'luuda  were  observed  was  nearly  spherical  and  about  5'8  cm.  in 
'Imiiirter.  It  was  divided  into  two  equal  chambers  by  a  brass 
|«rtition  (about  1  mm.  thick)  in  the  equatorial  plane ;  the  vessel 
"-i)  cut  in  two  and  the  edges  of  the  two  halves  ground  smooth,  to 

•  J.  J.  ThoiuBOD,  Fhii.  Jtap.  r.  30.  p.  313.  IftBS. 
+  J.  J.  Thonvsm,  PM.  Mag.  v.  M,  p,  626,  1898. 
I  C.  T.  B.  Wllnon.  PftH.  Tram.  193,  Ji.  880. 1899. 
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allow  them  to  be  easily  cemented  against  the  face  of  the  partition. 
The  latter  was  circular  and  had  a  aarrow  strip  of  brass  soldered 
to  each  face  extending  all  round  the  circumference  except  for  n 
gap  iit  the  top.  When  the  halves  of  the  glass  vessel  were  cemeoled 
against  these  strijis,  a  slit  was  left  at  the  gap  about  ^5  cm.  long 


ATh, 


and  25  mm,  wide  on  each  side  of  the  partition.  This  sUt  was 
covered  with  a  thin  piece  of  aluminium  cemented  to  the  outer 
surface  of  the  glass  and  to  the  edge  of  the  brass  partition.  A 
thin  layer  of  air  in  contact  with  each  surface  of  the  partition 
could  thus  be  exposed  to  Rdntgen  rays  from  a  source  vertically 
over  the  dividing  plate.  Elach  half  of  the  apparatus  contained  a 
second  brass  plate  parallel  to  the  central  plate  and  1'8  cm.  from 
it.  There  w;is  room  between  the  sides  of  these  plates  and  the 
walls  of  the  vessel  for  the  air  to  escape  when  the  expansion  was 
made.  To  keep  the  beam  of  lUintgen  raya  parallel  to  the  surface 
of  the  partition  a  lead  screen  with  a  slit  4  mm.  wide  was  placed 
about  2  cm,  above  the  aluminium  window  of  the  glass  vessel : 
this  screen  was  moved  until  when  both  plates  were  kept  at  the 
same  potential  exiictly  equal  fogs  were  obtained  on  the  two  sides. 
The  metal  plates  were  covered  with  wet  filter-paper  to  get  rid 
of  any  ions  due  to  the  metal.  Suppose  now  that  the  middle 
plate  is  earthed  while  the  left-hand  plate  is  at  a  lower  and 
the  right-hand  plate  at  a  higher  potential.  Then  it  is  evident 
since  the  ionisation  is  confined  to  a  layer  close  to  the  middle  plate 
that  under  these  circumstances  the  left  half  of  the  vessel  will 
contain  positive  ions  and  the  right  half  negative  ones.     Wilson 
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nd  that^  with  an  expansion  of  1'28  there  was  a  dense  fog  in  the 
f  containing  the  negative  ions,  and  only  a  few  drops  in  the 
if  containing  the  positive  ones,  and  that  this  excess  of  con- 
[isation  in  the  negative  half  continued  until  the  expansion  was 
aal  to  1'31,  when  little  or  no  diflFerence  was  to  be  seen  in  the 
^uds  in  the  two  halves.  Care  was  taken  that  the  potential  of 
e  positive  plate  should  exceed  that  of  the  middle  one  by  the 
me  amount  as  this  exceeded  the  potential  of  the  negative 
ate. 

The  diflFerence  between  the  effects  produced  by  positive  and 
egative  ions  is  shown  in  the  following  table,  where  the  time  of 
ill  of  the  drops  is  used  to  measure  the  number  of  nuclei  which 


Expansion         Left  side 


\- 


1-28 


1-30 


1-31 


1-32 


l)Ositive    5 
D^ative  15    ! 

negative  15 
positive  5 
n^ative  10 
positive    2 

positive    7 
n^ative  14 

negative  8 

positive  8 

negative  14 

positive  12 


Bight  side 

negative  16 
positive    3 


Batio  of  times 
negat  ive  /  positive 


5-Op^ 


positive  2 

negative  15 

positive  2 

negative  10 


51 


negative  12 
positive    7 


1-7 
2-0 


133 


1-35 


negative  12 

positive  12 

negative  10 

positive  10 


l)ositive    5 

negative  10 

positive    8 

negative  17 

positive  10 
negative  13 


1 1-8 


l-6v 
1-2 
1-7 
l-4j 


.1-5 


}:!!  ^•-^' 


ix)8itive  10 
negative  10 


}^h^ 


0] 


P^uce  condensation ;  if  this  number  is  small,  then  the  water 
^^ps  formed  round  them  will  be  large  and  will  therefore  fall 
*^pi(lly,  while  if  the  number  of  nuclei  be  large,  since  there  is 
'^ly  the  same  quantity  of  water  to  be  distributed  among  them, 
^he  drops  will  be  small  and  will  fall  slowly.  In  the  experiments 
'^ferred  to  in  the  table  there  was  a  potential  diflFerence  equal 
^J  that  due  to  two  Leclanch^  cells  between  the  middle  plate 
3Dd  either  of  the  outer  ones.    The  words  positive  and  negative 

T.  c.  12 
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in  ihe  table  indicate  that  the  positive  or  negative  iims  rvapffi- 
ti\x'ly  were  in  exa»s  in  the  region  referred  to. 

The  difference  in  the  rates  i>f  full  of  the  drops  with  lb* 
Htnie  i.-xpan!iion3  is  due  to  irregularities  in  the  action  of  the  bulb 
used  to  produce  the  Rontgen  rays.  The  negative  ions  begin  v> 
act  as  nuclei  for  foggj'  condensation  when  the  expaiuiion  is  aboni 
r25,  c<jiTesponding  to  about  a  fourfold  supersaturation,  while  wp 
see  ftum  the  tali'p  **»'■  tfc"  nneJt.ive  ions  do  not  begin  to  Kt 
as  nuclei  until  jual  to  TSl,  corresponding  to 

about  a  sixfold  Viison  has  shown  that  all  the 

negative  ions  ai  le  expansion  is  eq\ial  to  V&. 

but  that  it  is  n  sion  reaches  r35  that  all  tbi' 

positive  ions  an  not  due  to  the  negative  ioM 

having  a  larger  laa  the  positive  ;  to  show  this 

tiike  an  expanaia  lat  shown  in  Fig.  36  and  iooi* 

the  gas  in  it  by  ^t  produce  a  fog  with  an  es 

pantsiiun  of  128  (  i  down  the  negative  ions),  no 

determine  the  numbci  .j.  .  ...  n  the  time  of  fall  in  tho  iva 

ahvatly  explained ;  then  with  the  same  intensity  of  radiatic 
pr"cUiC(^  a  cloud  by  an  expansion  of  135 ,  which  brings  down  hot 
the  ijoisitive  and  negative  ions,  and  again  calculate  the  numb* 
of  ions;  we  shall  find  it  twice  us  great  as  in  the  first  case,  thi 
showing  that  the  numbei-s  of  positive  and  negative  ions  are  equa 
As  the  gas  as  a  whole  has  no  charge,  the  total  charge  on  th 
in)sitive  ions  must  be  equal  to  that  on  the  negative,  hence  f 
there  are  as  many  positive  ions  as  negative,  the  chaige  on  a  pos 
tivo  ion  must  be  the  a»me  as  that  on  a  negative  one.  We  sha 
ri'tnrn  to  the  origin  of  the  greater  efficiency  of  the  negativ 
than  of  tho  j>ositive  ions  when  we  discnss  the  theory  of  th 
action  of  ions  in  promoting  condensation.  In  the  meantime  w 
may  p'lint  out  that  this  difference  between  the  ions  may  have  vei 
imjMjrtaut  bearings  on  the  question  of  atmospheric  electricity,  for 
till'  ion.s  were  to  differ  in  their  power  of  condensing  water  aroun 
tiK'ui,  then  we  might  get  a  cloud  fonned  round  one  set  of  ioi 
and  nut  round  the  other.  The  ions  in  the  cloud  would  fall  undt 
gra\iiy,  and  thus  we  might  have  separation  of  the  positive  an 
tlu*  negative  ions  and  the  production  of  an  electric  field,  the  wor 
reijiiii-ed  for  the  production  of  the  field  being  done  by  gravity 
•  J,  J.  Thomaou,  Phil.  Mag.  v.  4G,  p.  628,  1898. 
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All  lictioQ  of  this  kind  would  tend  to  moke  the  charge  in  the  air 
i-sitive,  as  more  negative  ioiw  than  positive  would  be  carried 
"Q  hy  water  drops:  for  a  further  consideration  of  this  effect 
■  may  refer  the  reader  to  the  papers  bj-  Elster  and  Geitel"  on 
ine  ionic  theory  of  atmospheric  electricity. 

^H  TTteortf  of  the  effect  of  ions  on  Condemattwi. 

^  92.  The  effect  of  electrification  on  the  evaporation  of  drops  of 
I  iltT  was  investigated  by  tlie  writer  in  AppticcUiotia  of  Dynamics 
■ '  i'hisicit  and  Chemistry,  }>.  165.  The  general  tendency  of  this  effect 
■a  easily  be  seen  from  elementary  principles:  for  if  we  have  a  drop 
'water  of  radius  a,  carrying  a  charge  e  of  electricity,  its  potential 
■iinrgy  is  equal  to  ^e^/Ka.  where  K  is  the  specific  inductive 
'IJicity  of  the  dielectric  surrounding  the  drop.  Now  as  the  drop 
'^iilwrntes  the  electricity  remains  behind,  so  that  e  does  not 
iwtige  while  a  diminishes,  hence  the  potential  energy  due  to 
li'  electrification  of  the  drop  increases  as  the  drop  evaporates; 
liiis  U)  make  the  chained  drop  evaporate  more  work  has  to 
'";  available  than  when  it  is  uncharged,  so  that  electrification 
«ill  diminish  the  tendency  of  the  drop  to  evaporate,  and  the  drop 
*ill  b«  in  equilibrium  when  the  \'apour  pressure  of  the  watei- 
wjwiir  around  it  would  not  be  sufficient  to  prevent  the  evaporation 
n  uucharged  drop.  The  surface  tension  of  the  water  will,  as 
i shown  by  Lord  Kehan,  produce  the  opposite  effect;  for  the 
^tiftl  energy  due  to  the  surface  tension  is  equal  to  4TraT, 
)  T  is  the  sur^e  tension;  thus  as  the  drop  evaporates 
■  energy  due  to  surface  tension  diminishes,  so  that  the  work 
[  to  ^-aporise  a  given  quantity  of  water  in  a  spherical 
s  lees  than  if  surface  tension  were  absent  or  inoperative,  as 
Onld  be  if  the  surface  were  flat.  Thus  a  curved  di-op  will 
rate  when  a  flat  one  would  be  in  equilibriTiui. 

1  is  shown   in   Applications   of  Dynamics  to   Physics   and 

try,  p.  165.  that  when  hp.  the  change  in  the  vapour  pres- 

I  ihie  to  the  electrification  and  surface  tension,  is  only  a  small 

a  of  the  original  vapour  pressure  p, 

p      Rtfiiru'aaX  iKa/a-p 

•  BMrr  p.».l  li".U«!.  I'hu.ikalueht  Xeiltchri/t.  i.  p,   245,   1900. 

12—2 
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<ir  when   T  lioes  not  vary  with  *f 


iO«^ 


p"^  R8\  a  &wKa']  ir~p' 
<r  is  tli(;  density  of  water,  p  that  of  the  vapour,  6  the  fibs 
tempera  til  re,  R  the  constant  which  occurs  in  the-  equatio 
ii  '  perlet-t '  gas,  p  =  R$p ;  in  the  investigation  this  eqiwti 
iiMsutiit'd  til  hold  for  the  water  rapour.  When  the  change  a 
Ijros^jiire  is  not  a.  small  fraction  of  the  equilibrium  vapour  pre 
fur  Lin  infinitely  large  drop,  then  the  investigation  already  all 
tu  shows  that  the  preceding  equation  has  to  be  replaced  by 

whi-rv  p  ;ind  p  are  the  equilibrium  vapour  pressure  and  dc 
for  a  diiiji  "f  radius  o,  P  and  p'  the  corresponding  quantilii 
a  drop  ')i  infinite  radius.  Since  p  —  p  i-*  exceedingly  small 
pjired  with  tr,  this  equation  becomes  approximately 

™'*^Cr-»^,..)i " 

Wc  sue  from  this  equation  that  if  e  is  zero  the  equilil 
vapour  pressure  p  for  a  drop  of  finite  size  is  always  greater  th: 
so  that  such  a  drop  would  evaporate  unless  the  vapour  a^ 
it  were  supersaturated ;  when  however  the  di-op  is  electrifiet 
is  no  longer  the  case,  for  we  see  from  equation  (1)  that  ir 
case  if  the  vapour  is  saturated,  i.e.  if  the  vapoiir  pressure  is  1 
drop  will  grow  until  its  radius  a  is  given  by  the  equation 

a      87rff"». 

Thus  if  the  drop  were  charged  with  the  quantity  of  elect 
carried  by  a  gaseous  ion,  i.e.  34  x  10~'"  electrostatic  units,  s 
the  surface  tension  of  the  small  drap  was  equal  to  70,  which  : 
value  for  thick  water  films,  then  a  would  be  equal  to  l/3'2 
and  thus  each  gaseous  ion  would  be  surrounded  by  a  dr 
water  of  this  radius;  if  we  call  this  radius  c.  then  equatio 
may  be  ivritten 

m  log.  j;;=2ri  (!-«:') (! 

where  x  =  da.  This  equation  (.-nables  us  to  find  the  size  of  a 
corresponding  to  any  vapour  pressure. 
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For  water  vapour  at  10°  C,  R0  is  equal  to  1-3  x  10^.  Putting 
for  c  the  value  previously  found  and  T  =  76,  equation  (3)  becomes 
approximately 

•271og,-g  =  a:(l-ar') (4). 

From  this  equation  we  see  that  even  in  a  space  far  from  saturated 
with  water  vapour,  i,e.  when  p  is  only  a  fraction  of  P,  drops  will  be 
famed,  and  that  the  size  of  these  drops  diminishes  only  very  slowly 
as  the  quantity  of  water  vapour  in  the  surrounding  air  diminishes ; 
thus  if  we  diminish  the  quantity  of  water  vapour  in  the  air  to 
1/e,  ie,  1/2*7  of  that  required  to  saturate  it,  we  see  from  equation 
(3)  that  the  radius  of  the  drops  formed  round  the  ions  would  only 
he  a  little  less  than  10/11  of  the  radius  of  the  drop  formed  in 
satorated  air:  and  that  to  reduce  the  drop  to  half  the  radius 

■  <X)rre8ponding  to  saturation,  we  should  have  to  dry  the  air  so 
completely  that  p/P  was  only  about  1/3  x  10^.  We  have  seen  that 
Aere  are  always  some  ions  in  the  air,  hence  if  there  is  any  water 
^"apour  in  the  air  some  of  it  will  be  condensed  into  fine  drops. 
It  has  been  suggested  that  these  drops  play  a  part  in  certain 
^^^868  of  chemical  combination,  the  preceding  numerical  example 
^1  show  the  difficulty  of  getting  the  gas  dry  enough  to  produce 

^  substantial  reduction  in  the  volume  of  these  charged  drops. 

Supersaturaiion  required  to  make  one  of  the  charged  drops 

gi'ow  to  a  large  size. 

93.  As  the  radius  of  the  drop  increases  from  c  to  an 
infinite  size,  x  diminishes  from  unity  to  zero.  Now  the  right- 
hand  side  of  equation  (4)  vanishes  at  each  of  these  limits,  but 
between  them  it  reaches  a  maximum  value  which  occurs  when 

43?*=  lora?=  =7^^,  when  x{\'-a^)  reaches  the  value  '471 ;  hence 

l'5o 

we  see  from  equation  (3)  that  for  the  drops  to  increase  to  a  large 

size  logep/P  must  reach  the  value  1*7  approximately.     Hence  for 

the  drops  to  grow  pjP  must  be  about  5*3 :  this,  on  the  theory  we 

have  given,  is  the  amount  of  supersaturation  required  to  make 

large  drops  grow  round  the  ions.     We  have  seen  from  Wilson's 

experiment  that  it  actually  requires  a  four-fold  supersaturation, 

but  as  in  the  theory  the  saturated  water  vapour  was  assumed  to 

obey  Boyle's  law,  and  the  surface  tension  was  assumed  to  have 

the  value  it  has  for  thick  films,  neither  of  which  assumptions 
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is  likely  to  be  truf,  the  agreement  between  the  theory  sg 
experiiriitnts  is  as  close  aa  conld  be  expected. 

94  Wilson  showed  that  even  when  there  is  no  external  i 
tion,  a  [lerise  cloud  the  nuclei  of  which  are  not  charged  is  prt 
by  an  eight-fold  supersaturation :  we  can  by  the  aid  of  equat 
ileteniiinQ  the  radii  of  these  nuclei,  supposed  spherical;  p 
in   that  etjuation  e  =  0.7'  =  76,  R9=lSx]0\  and  p/P  = 

find  that  it,  **■ ''""■  "*■  *^"  iiicleus  which  produces  thi 

iif  condensati  19  x  10'.     This  nucleus   i; 

slightly  turgti  hich  collects  round  an  ion, 

found   that  it  irop  la  1/31  x  10'.     With 

to  the  iiatiire  li  produce  the  cloud  corresp 

to  tho  eight  m,  Wilson  has   provexl   th, 

amount  of  si  ired  to  produce  the  cloud 

same   in  air,  ■  and  carbonic  acid;  the   ! 

the  nuclei  is  W  in  all  these  gases;  it  is  thi 

improbable  tl:  sj  ,       aggregations  of  the  molec 

the  gua;  it  would  wein  most  likrOy  that  they  are  miniitr 
of  water  which  are  continually  being  formed  from  the  sat 
vapour  and  then  evaporating,  but  lasting  sufficiently  h 
enable  them  to  be  caught  diiring  the  sudden  expansio 
to  act  as  the  nuclei  raund  which  the  drops  in  the  cloud  coi 
These  minute  drops  of  water  are  not  however  all  of  thi 
size,  for  after  passing  the  expansion  I'-Sy  the  density  of  th- 
increases  \ery  rapidly  as  the  expansion  increases,  showin 
many  more  nuclei  become  efficient  when  the  exjiansion  ini 
This  behaviour  of  the  cloud  indiaites  that  there  are  littU 
of  w.vtcr  of  different  sizes,  the  small  ones  l)eing  more  nu' 
than  the  largei  ones,  and  that  there  is  a  fiiirly  definite  1: 
the  i>ue  of  the  drop,  the  number  of  drops  whose  si7,e  ( 
this  limit  being  ti>o  small  to  produce  an  appreciable  cloud. 
collection  of  diops  of  different  sizes  is  what  we  might  e.\ 
we  regard  the  littlf!  drops  as  arising  from  coalescence  of  iul 
of  water  vapour,  and  the  larger  drops  from  the  coalescence 
smaller  ones. 

96.  The  fact  that  the  (Imps  are  of  ditt'erent  sizes  indicat 
they  are  not  in  a  state  of  equilibiium  with  regard  to  evap 
and  condensation,  and  the  drojia  have  probably  a  very  eph 
existence.     The  following  considerations  show  that  on  the 
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ibe  relation  between  surface  tension  and  the  thickness  of  water 
fims,  to  which  Beinold  and  Rlicker  were  led  by  their  experi- 
ments on  very  thin  films,  drops  of  pure  water  of  a  definite  radius 

might  be  in  equilibrium  vrith  saturated  water  vapour  even  if  they 

irere  not  charged. 

EffiBCt  on  the  condensation  of  vaHation  of  Surface  Tension 

with  the  radius  of  the  drop. 

96.     When  a  liquid  film  gets  very  thin  its  surface  tension 

no  longer  remains    constant  but    depends    upon  its   thickness. 

For  very  thin  films  theory  indicates  (see  Lord  Rayleigh,  Phil. 

Mag.  V.  33)  that  the  surfiau^e  tension  would  be  proportional  to 

lie  square  of  the  thickness,  while  the  experiments  of  Reinold 

^d  Rttcker  show  that  the  surface  tension  has  a  maximum  value 

fiw*  a  thickness  comparable  with  that  of  the  dark  spot  in  soap 

^kn^ ;  more  recent  experiments  by  Johannot  have  made  it  probable 

^i^t,  considering  the  surfitce  tension  as  a  function  of  the  thickness 

^flere  is  more  than  one  maximum.     Taking  for  simplicity  the  case 

^i^en  there  is  only  one  maximum  the  relation  between  the  surface 

^*^on  and  the  thickness  is  represented  by  a  curve  of  the  character 

^^   Kg.  38,  the  ordinates  representing  the  surface  tension,  and  the 

^k^Bcissa  the  thickness. 


Pig.  38. 

When  the  sur&ce  tension  varies  with  the  mdius  of  the  drop 

equation  (1)  becomes 

^^,       P     2T     dT         ^  ,., 

^  />       r       dr      SirKr* 

From  Fig.  39,  taking  r  to  represent  the  thickness  of  the  fihn, 

we  see  that  when  ?'  =  0,  -^  +  -^  vanishes,  and  that  this  quantity 

will  attain  a  maximum  and  then  diminish  as  r  increases ;  we  shall 
take  the  case  when  it  goes  on  diminishing  until  it  vanishes  and 

changes  sign.     Then  - — h  -^ ;  will  be  represented  by  a  curve  of 
the  type  of  Fig,  39. 
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Lit   ui<   fiist  take  the  case  when   the  drop  is  iinek 
Eijujuinii  (5)  shows  thiit  the  radios  of  a  drop  when  the 


Fig.  39. 
]n»ss!U>;  is  p  can  bo  got  hy  ilrawing  a  horizontal  line  at  a 
Doi-dinates  and 
wheiv  it  ciiti^  thu  ciirvo. 

We  see  now  when  we  take  the  variation  of  surface  teni 
account  tliat  even  the  slightest  siiporsatunvtion  will  prodi 
condensation,  but  tliat  these  droj>s  will  be  exceedingly  smi 
will  evajiomte  a.s  soon  as  the  supersaturation  ceases. 
sui>pose  however  that  we  produce  enough  supersaturation 
the  drop  represented  by  the  point  A  on  Fig.  Si).  When 
drop  has  got  piist  this  point  the  equilibrium  vapour  pres.- 
snialler  iis  the  drop  gets  bigger,  so  that  water  will  condent- 
drop  and  the  di-op  will  increase  in  size,  but  the  bigger  it 
smaller  the  equilibrium  vapour  pressure  and  the  faster  i 
in  tact  tiie  region  between  A  and  D  is  unstable,  and  wl 
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'Ill-  drop  has  got  past  A  it  will  bewme  large  enough  to  be  visible, 
I'tiw  I  think  is  tlie  explaaation  of  the  deiifii-  eloiid  whirh 
I..  T,  R.  Wils<in  found  ia  prodiicei!  even  in  the  absence  nf  ions 
tiy  lui  eight-fold  aii]>ei«Atnitition — thiij  supersatuTHtinn  is  required 
["cuiy  the  drop  past  .A. 

Ut  us  now  consider  the  reverse  process,  the  evaporation  of 
f  ilrop  already  funned.  Tm  fix  our  ideas  let  us  suppose  that  the 
ilropisuriginally  in  nn  atmosphere  saturated  with  water  vapour  and 
Iliiit  the  temperature  is  gradually  raised  so  that  the  surrounding 
■^iiiosphere  i^  no  longer  saturated.  The  drop  will  evaporate  until 
il  gets  to  the  state  represented  by  the  point  E\  now  evaponvtion 
ii^'.'onies  moi-e  clitHcult  because  as  the  dii>p  gets  siiialler  the  equi- 
librimu  vapour  pressure  gets  Hmaller  and  to  get  the  drop  past 
tli'e  state  representeil  by  the  point  C  will  require  a  finite  rise  in 
''iDperature  {i.e.  will  require  the  temperature  to  be  raised  until 
"is  uiflount  of  water  vaixjur  in  the  air  ia  only  a  definite  fraction  of 
'l>c  wturation  amount  at  that  temperature),  just  as  in  the  reverse 
innctas  it  re»]uired  the  temperature  to  be  lowered  a  finite  amount 
'"  carry  the  drop  pa«t  A.  If  the  rise  in  temperature  ia  not  sufti- 
"eni  to  cany  the  drop  paat  C  the  drop  will  not  wholly  evaponite. 
It  will  be  in  equilibrium  when  its  radius  is  between  OD  and  OC, 
B  all  these  residual  drops  will  be  within  comparatively  narrow 
Bits  of  size ;  when  the  temperature  of  the  drop  is  the  same  as 
It  of  the  air  all  these  drops  will  have  a  radius  OD.  These  small 
n  iarisible  drops  of  water  will  greatly  facilitate  the  formation  of 
Odd  when  next  supersaturation  takes  place,  since  these  drops  to 
f  Hi  visibility  will  only  require  the  supersaturation  corre- 
ODdiug  to  E,  while  if  they  were  not  present  to  begin  with,  thi- 
peisaturation  reqiiired  to  produce  a  cloud  would  be  that  cor- 
ontUng  to  A.  This  explains  the  well-known  fact  that  when 
i  cloud  has  been  fonned,  it  only  requires  very  slight  super- 
iWation  to  produce  another  after  a  short  inten'al. 

I  fiir   we   have   only   been   dealing   with   unehaiged  di-ops, 
KD  the  dro|>s  are  charged  we  must  use 


ru^^--^^' 
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the  dotted  curve  represents  the  graph  of  this  quantity,  the  super- 
saturation  required  to  produce  visibility  corresponds  to  -4'  and  is 
less  than  that  for  an  uncharged  drop. 

The  principles  of  the  preceding  theory  ought  to  apply  to  the 
j)henoniena  attending  the  supersaturation  of  salt  solutions ;  we  see 
that  only  a  finite  and  definite  amount  of  supersaturation  could    J      ,Vvsvr 
occur   without   deposition   of  salts,  and   that   amount  would  be 
diminished  by  the  presence  of  ions. 

Difference  between  the  action  of  positive  and  negative  ions 

in  producing  condensation. 

97.  The  pnxiuction  of  electrification  by  the  splashing  of 
tln»ps  and  bubbling  through  water  suggests  that  at  the  sur&ce 
of  a  divp  of  water  there  is  a  double  layer  of  electrification,  t.e.  a 
layer  of  one  sign  at  the  surface  of  the  drop  and  a  layer  of 
the  opjxvsite  sign  in  the  gas.  the  distance  between  the  two  layers 
Wing  ver}*  small.  If  a  layer  of  this  kind  existed  it  would  produce 
a  dit^en^Kv  WtWiH»n  the  ci^ndensing  powers  of  positive  and  negative 
ions.     IVrhajicii  the  ejisiest    way  to  see  this  is  to  notice  that  by 

tHjuation   i^2>   aR$  log        is  tH|UiU  to  the  excess  of  pressure  at 

the  surfeuv  of  the  water  over  the  atmospheric  pressure;  for  iT\T 
is  the  pr^\ssur\^  due  to  the  surfeet^  tension,  while  -^--  or        ^  -  is 

the  l^«\>«  due  to  the  eleoirio  fieKi  If  therv  is  a  doable  layer  at 
Ihe  *urfiie\^  v»f  the  dn.>p  the  expression  tor  the  t^nsioD  must  be 
iiHHiifitHl ;  it  V  h  the  didery*n\.v  of  ^vtential  between  these  layers 
ilu<>  to  their  oharJ^^!^  and  d  the  disiazKv  between  the  layei^  then 
^wti  whtH\  «he  iWp  i^  eUvtrietiilly  neutral  there  is  a  tension  equal  to 

'^tf        r        S>r    if'    **>»^ 


*ST* 


-j/h:: 


T^ 


■ 
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"  r       Stt  iTr*     4^d  r"     Sir  d*  ' 

Comparing  this   expression  with  (6)  we  see  that  the  effect 
of  the  charge  is  to  diminish  the  right-hand  side  by 

87rirr*"*"i7rrfr«' 

Ve    ,         .  , 
now  if  -  is  positive  the  eflFect  of  the  double  layer  will  be  to 

promote  condensation,  while  if  this  term  is  negative  the  layer  will 
retard  condensatioiL  Thus  the  layer  will  make  an  ion  of  the  sign 
which  produces  at  the  surface  of  the  drop  an  electric  field  in  the 
swne  direction  as  that  due  to  the  double  layer  more  effective  as 
a  condenser  than  an  ion  of  the  opposite  sign.  Thus  if  the  double 
%erin  the  case  of  water  had  the  negative  coating  inside,  a  negative 
wn  would  be  more  efficient  in  producing  condensation  than  a 
positive  one.  When  a  firesh  surface  of  water  is  exposed  to  air  we 
have  seen  that  the  air  gets  negatively  electrified ;  we  may  regard 
this  as  indicating  that  an  equal  quantity  of  positive  goes  to  the 
water  surfiice  to  form  the  outer  coating  of  the  double  layer,  so  that 
this  double  layer  has  the  negative  side  next  the  water,  the  positive 
side  next  the  air. 

We  know  that  in  some  liquids  the  electrification  produced  by 
Dabbling  air  through  them  is  positive  instead  of  negative,  in  such 
liquids  the  outer  coating  of  the  double  layer  should  be  negative, 
^lid  for  these  the  positive  ion  should  be  a  better  condenser  than 
the  negative.  Przibram  {Wien,  Bericht  Feb.  1906)  has  recently 
shown  that  clouds  formed  in  alcohol  vapour  condense  more  easily 
^0  positive  ions  than  on  negative. 


I 


CHAPTER  VIII. 

lOSlSAT  aCEST  SOLIDS. 

98.     W'EMhallD'  tudy  of  some  special  cases  of  | 

i^inisjition,  beginninj  inoande«w;nt  metal?.     Thai 

the  air  in  the  nejj  -hot  metals  is  a  conductor 

of  electncity  hfti*  bee  f  two  centuries ;  the  earliest 

observations  set-m  to  jy  Du  Fay*  in  1725,  by  Du 

Tourt  in  1745.  by  by  Priestleyg  in  1767,  and 

by  Cavalloi;  in    17Si  i  1863  showed  that  air  at  j 

a  whitt'  lieat  wfmld  (  >  pass  throngh  it  even  when   I 

tho  potential  dtften-nce  was  only  »  low  volts.  BlonHIot**  confimicd 
and  extended  this  result,  and  proved  that  air  at  a  bright  red  hetit 
was  unable  to  insnlatc  under  a  difference  of  potential  as  low  a.H 
11000  of  ji  volt:  he  showed,  too,  that  the  conduction  through 
the  Imt  gas  was  not  in  accoi-dance  with  Ohm's  law.  Recent 
ivseacche.f  have  thrown  so  much  light  on  the  causes  at  work  in  the 
ionisiition  of  gases  in  contact  with  glowing  solids,  that  it  is  un- 
ni-cessary  to  enter  into  these  earlier  investigations  in  greater 
detail,  (^uthriefl'  .seems  to  have  been  the  first  to  call  attention  to 
one  very  chanictiOristic  feature  of  ionisation  by  incandescent  metals, 
i.e.  the  want  of  .syminctiy  between  the  effects  of  positive  and  nega- 
ti\e  electrification.  He  showetl  that  a  red-hot  iron  ball  in  air 
eould  retain  a  charge  of  negative  but  not  of  positive  electrification, 
while  a  white-hot  ball  could  not  retain  a  charge  of  either  positive 
or  negative  electrification. 

•  Du  Fay,  .1«iii.  de  i'Jtarf.  1733. 

t  Du  Toor,  MfiH.  de  Jtalhiaiatigue  ct  >U  i'Ayif./nc,  xi.  p.  216,  175.5. 

•  WatBou,  i'fttJ.  Trant.  abridged,  vol.  x.  p.  29«. 
S  Prieatley,  llhtory  nf  Eleclricity,  p.  S79. 

.1  CftvftUo,  Trtatue  on  EUclrUUi/,  vol.  i.  p.  324. 

^  Becquerel,  Annatet  de  Chimie  tt  dt  Phyiqiie,  iii.  39,  p.  355,  1853. 
"  Btondlot,  Comptei  nendiu,  xdi.  p.  670,  1881 ;  oiv.  p.  263,  1867. 
+t  (SutUrie,  Phil.  Hag.  W.  46,  p.  257,  1873. 
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99.  The  ionisation  produced  by  incandescent  metals  was  in- 
stigated systematically  in  great  detail  by  Elster  and  Geitel*, 
bo  used  for  this  purpose  the  apparatus  represented  in  Fig.  40. 


Battery 


To  Electrometer 


Battery 


Fig.  40. 

This  is  a  glass  vessel  containing  an  insulated  metal  plate  A, 
which  is  connected  with  one  pair  of  quadrants  of  an  electrometer. 
XTndemeath  this  plate  there  is  a  fine  metallic  wire,  which  can 
be  raised  to  incandescence  by  an  electric  current  passing  through 
the  leads  C,  D;  to  prevent  any  disturbing  effects  arising  from  the 
change  produced  by  the  current  in  the  electric  potential  of  the 
^ire,  the  middle  point  of  the  wire  was  connected  with  the  earth, 
^t  us  first  take  the  case  when  the  gas  in  the  vessel  is  air  or 
^^ygen  at  atmospheric  pressure,  then,  as  soon  as  the  glow  of 
^ne  hot  wire  begins   to  be   visible,  the  metal  plate   receives   a 
P^Uve  charge ;   this  charge  increases  until  the  potential  of  the 
P^te  reaches  a  value  which  varies  verj-  much  with  the  dimensions 
<>i  the  apparatus  used :  in  Elster  and  GeiteFs  experiments  it  was  of 
the  order  of  a  few  volts.     This  potential  increases  as  the  tempera- 
ture of  the  wire  increases,  until  the  wire  is  at  a  yellow  heat ;  at 

*  Elster  and  Oeitd,  Wied.  Ann,  xvi.  p.  193,  1S82 ;  xix.  p.  588,  1883 ;  xxii.  p.  123, 
l^;ix?i.  p.  1, 1886;  xxxi.  p.  109, 1887;  xxxvii.  p.  316,  1889.  Wien,  Bericht,  xcvii. 
P'  1176. 1889. 


1     t     >r  —  ~    V  -  -^    -    ,  _  _ 


;  .      '         :,  ,        '^  *- -  P'^^**? -*J^  ac  wruch  the 

-"  ■'.    •■■    '^r-  -  -^P^-'^-'i^':^  place  depends 

.r/,;.  r.  ^-..f^:r;.--:.  .:  :::-r  ^:-  :--r  higher  :h^  tempemnire  th. 
u.vy:  ->:  pr-^...>:  ^:  ^r::'^^  --  r-v,r^,l  .,jr  .j^^  electrification 
'y/  ..'-.  A;/;iir.,  ;->f,;/-^:ori«::n;efl  in-ran.ies.^mce  of  the  wire  fevouis 
^^'  .'.'■;/,:*.:  *:  -if/rtHfi-^uon  o!  the  pla:e:  the  phvsieal  onditionof 
^h'   f,:,i.*.f.iirii  v/inr  i"!  change^I  by  long-con  tin  ued  heating,  and  the 

'  ,r*-    M'orii*-.   brir'>r.     Th'i  following  experiment,  dne  to  Elster 
.If, 'I  ^iisNl*,  vr<tin-i   to   inrlicate   that   the  gases  absorbed  in  the 
|,Litjri'jin   v.in-  anH  whif:h  an-  grarlnally,  but  only  verj*  graduallv 
I  /|,«  l)*'l   by  long-r;oiitinnf:rl  ht.-ating,  play  a  considerable  part  in 
fill    i'\ir\.y\viv\    ph<:riornf;na  connected  with  the   incandescence  of 
III*  fill  .     'I  fM^y  foiinfl  that  if  thf;  platinum  wire  was  kept  ^lowim; 
in  a  laiily  ^'tuA  v;if:iiiirn  long  enough  for  the  metal  plate  to  receive 
w  \\iy\\\wi\  rliarg*^  th<*  intffKluction  of  a  verj'  small  quantity  of 
lii'Mh  y\\'\  nvf-r-Hi^d  IIh;  .sign  of  electrification  on  the  metal  plate, 
nnil  I  hr  |iri'.HMiini  Iwul  to  \h\  n'.duced  far  below  the  original  value  for 
I  hi-  iir^Nitivi-  I'lrrlrifuvition  to  be  recovered. 

100.  Tin-  elTrcl^  arr  also  complicated  by  the  dust  and  vapour 
^•ivi'ii  nil"  li.v  Ihe  glowing  platinum, and  which  form  a  deposit  on  the 
wall'*  nl"  I  hi-  vrf4Hel.  The  pHnlnetiou  of  this  dust  can  very  easily  be 
mIiowm  I»v  the  Htuily  of  (>lou<ls  f(»rnied  by  the  method  described  in 
riiMpliT  VII.  if  II  fine  platinum  wire  is  fused  into  the  expansion 
appurtitUM.  iumI  the  air  n'ndei*e<l  du.st-fnv  in  the  usual  way,  so  that 
iio  I'liiudN  an*  pnHlueed  by  an  e.\|uin8iou  loss  than  1*25,  dense 
HiiudN  will  be  formed  by  roiuiMimtivoly  small  oxpinsions  after 
u  iMirhMil  liaN  IwHMi  siMit  through  the  wiiv  strimg  enough  to  raise  it 

■   KUlor  Miul  Oritol,  HiVn.  /.VriVAf.  xcvii.  p.  1175,  18S9. 
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V>  incandescence* ;  indeed  it  is  not  necessaiy  to  make  the  wire  so 
loot  as  to  be  luminous,  an  increase  in  the  temperature  of  the 
'wiie  to  200  or  300"  C.  is  sufficient  to  produce  the  cloud. 

The  sign  of  the  electrification  produced  by  glowing  substances 

is  influenced  by  the  nature  of  the  substances  and  of  the  gas 

suToonding  them;  thus  in  hydrogen  Elster  and  Geitelf  showed 

*fcat  the  plate  above  the  incandescent  wire  became  negatively 

electrified  even  when  the  hydrogen  was  at  atmospheric  pressure. 

I^  electrification  continually  increased  with  the  temperature. 

Te  get  the  negative  electrification,  however,  the  wire  must  be  at 

least  at  a  bright  yellow  heat ;  at  lower  temperatures  the  electrifica- 

^011  is  positive ;  a  clean  copper  wire,  on  the  other  hand,  gives  a 

pesitive  electrification  in  hydrogen,  unless  the  pressure  is  very  low. 

Elster  and  Qeitel  showed  that  the  sign  of  the  electrification 
^  'Water  vapour  and  the  vapours  of  sulphur  and  phosphorus  was 
^He  same  as  in  air ;  they  could  detect  no  electrification  in  mercury 
Vapour. 

101.  The  influence  of  the  nature  of  the  incandescent  substance 
is  shown  by  the  fitct  that  with  incandescent  carbon  filaments  the 
electrification  on  the  metal  plate  is  always  negative.  It  is  also 
shown  clearly  by  some  experiments  made  by  BranlyJ.  Branly's 
method  was  as  follows :  he  hung  up  a  charged  insulated  conductor 
in  the  neighbourhood  of  the  incandescent  body;  he  found  that 
when  the  latter  was  a  piece  of  platinum  at  a  dull  red  heat  the 
insulated  conductor  lost  a  negative  but  not  a  positive  charge ;  when 
the  platinum  was  white  hot  the  conductor  was  discharged  whether 
electrified  positively  or  negatively.  If  the  incandescent  body  was 
an  oxide  and  not  a  pure  metal,  at  any  rate  if  it  was  an  oxide  of 
one  of  the  metals  tried  by  Branly,  viz.  lead,  aluminium  or  bismuth, 
then  it  would  discharge  a  positively  electrified  body  but  not  a 
negatively  electrified  one,  which  is  exactly  opposite  to  the  effect 
produced  by  a  pure  metal  at  a  dull  red  heat. 

102.  M*^Clelland§  sucked  the  gases  from  the  neighbourhood  of 
the  incandescent  wire  and  then  investigated  their  properties.     He 

*  B.  Y.  Helmholtz,  JVied.  Ann,  xxzii.  p.  1,  1887.    Lodge,  Nature^  xxxi.  p.  267, 
1884. 

t  Elster  and  Geitel,  Wied,  Ann.  xxxi.  p.  109,  1887. 

X  Branly,  Comptei  Rendw,  cxiv.  p.  1531,  1892. 

I  McClelland,  Proe,  Camb,  Phil.  Soc,  x.  p.  241,  1900. 
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foiiiul  that  as  soon  aa  the  wire  began  to  glow  the  gAs  wouW  I 
discharge  a  ni'gatively  but  not  a  positively  electriJicxi  body;  whei  | 
the  temperature  of  the  electrified  btidy  was  increased  by  about  j 
400°  C.  the  ^\is  began  to  discharge  a  positively  electrified  body,  I 
though  not  K(i  freely  as  it  did  s.  negatively  electrified  one ;  when  \ 
the  wire  got  to  a  bright  yellow  heat  the  gas  discharged  both 
positive  and  iit-gative  electricity  with  equal  facility.     McClelland   ' 
investigated  the  laws  of  conduction  of  electricity  through  the  gas 
which  had  K'en  in  cr-*— *■  ""**•  *'•"  "'owing  wire ;  he  found  that  it 
showed  all  the  ehaiu  ition  through  a  gas  eontaiii- 

iug  ions;  thus  the  i  .he  current  and  the  elecipj- 

niotive  forct  is  repi  vc  like  Fig.  5,  the  current 

soon  reaching  satura  also  determined  the  velocity 

in  an  electric  field  of  1  by  the  inciuidescent  metaL 

He  found  that  iheir  I  compared  with  that  of  the 

ions  ])ro(luced  by  Rif  hat  the  hotter  the  wire  the 

Siiuiller  was  the  veloi 


trveff^ 


103.    The  account  given  of  the  effects  obsei 

in  the  neigli  hour  hood  of  an  incandescent  wire  shows  that  the 
ijeetrificatioii  pi-oduced  in  this  way  is  a  very  complicated  pheno- 
menon, and  depends: 

(1)  On  the  temperature  of  the  wire. 

(2)  On  the  pressure  of  the  gas  around  the  wire. 
{■i)    On  the  nature  of  the  gas. 

(4)     On  the  nature  of  the  incandescent  wire. 

We  shall  simplify  the  investigation  of  the  cause  of  this  electrifi- 
cation if  we  study  a  case  in  which  as  many  as  possible  of  these 
I'tfects  ai-e  eliminated.  Now  (2)  and  (3)  are  eliminated  if  we  work 
with  the  highest  attainable  vacuum  ;  in  this  case  the  phenomenal 
:iix'  greatly  simplified  and  exhibit  points  of  remarkable  interest. 
To  investigate  them  we  may  use  a  piece  of  ap])aratus  like  that 
sliown  in  Fig.  41.  It  consists  of  a  sti'jiight  piece  of  fine  wire  AB, 
which  can  be  heated  to  any  desired  temperature  by  an  electric 
cniTent  led  in  through  the  leads  CA,  DB.  Around  this  wire  and 
insulated  from  it  is  a  metallic  cylinder,  shown  in  section  in  J^J'and 
GH\  this  cylinder  should  be  longer  than,  and  coaxial  with,  the 
wire.  This  system  is  sealed  into  a  glass  vessel  connected  with  an 
air-pump  mid  the   pressure  reduced  as   low  as  possible,  say  to 
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I.  of  mercury.     It  is  desirable  to  keep  the  wire  red  hot  for 
'  considerable  time  (I  have  found  a  week  not  too  long),  in 


"\      ° 


Fig.  41. 


order  m  expel  gases  absorbed  in  the  wire ;  until  these  are  got  rid 
lA'  the  beha^nour  of  the  wire  is  very  irregular.  The  vessel  should 
Ik?  ptimped  from  time  to  time  while  the  wire  is  hot,  to  get 
rid  of  the  gases  coming  out  of  the  wire ;  it  will  be  necessary 
to  exhaust  the  vessel  ironj  tinit:  to  time,  even  after  these  have 
been  expelled,  as  the  heat  conjing  from  the  wire  seems  to  liberate 
gas  fironj  the  walls  of  the  glass  vessel  and  the  metal  cylinder. 
Connect  the  hot  wire  to  one  terminal  of  &  battery  and  the  cylinder 
to  the  other,  and  place  in  the  circuit  a  sensitive  galvanometer.  If 
now  the  wire  be  made  red  hot  and  connected  with  the  negative 
pole  of  the  battery,  an  appreciable  current  will  go  through  the 
galvanometer ;  if,  however,  the  terminals  are  reversed  eo  that  the 
hot  wire  is  connected  with  the  positive  pole  of  the  battery,  the 
^enrrent  which  passes  is  too  small  to  be  detected  by  the  galvano- 
■neter;  thus  there  can  he  a  current  through  the  exhausted  vessel 
tfhva  the  negative  electricity  goes  from  the  hot  wire  to  the  cold 
krliud«r,  but  not  an  appreciable  one  when  the  positive  electricity 
loilld  have  to  go  from  the  wire  to  the  cylinder;  the  system  can 
l^tu  tnuiamit  a  current  in  only  one  direction.  The  current  does 
]»t  obey  Ohm's  law:  at  first  it  increases  with  the  electromotive 
',  but  it  soon  reaches  a  saturation  value  beyond  which  it  does 
though  the  electromotive  force  is  increased, 
lovided  the  increase  in  the  electromotive  force  is  not  sufficient 
0  onable  the  electric  field  itself  to  ionise  the  gas. 

104     Thv  saturation  current  increases  very  rapidly  with  the 
iipeimture.     This  is  well  shown  by  the  curve  in  Fig.  42,  which 
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the  curve  in  Fig.  42, 

a  =  1-51  X  10«,     6  =  4-93  x  10*. 

In  the  case  of  this  wire  the  current  amounted  to  about 
c  10"^  amperes  at  the  temperature  1500*  C,  which  represents 
rate  of  emission  of  negative  electricity  fix)m  the  hot  wire  of  above 
e  milliampere  per  square  centimetre  of  surface.  If  the  same 
nnula  held  up  to  the  melting  point  of  platinum,  which  we  shall 
te  to  be  2000**  C,  the  rate  of  emission  of  negative  electricity 
3m  the  glowing  wire  would  be  about  1/10  of  an  ampere  per 
inare  centimetre. 

The  rate  of  escape  of  negative  electricity  from  glowing  carbon 
some  cases  greatly  exceeds  that  from  glowing  platinum.  This 
no  doubt  chiefly   owing  to  the   fact  that   the    carbon    can 

■  raised   to  a   much   higher  temperature   than  the  platinum. 

ichardson  has  obtained  from  carbon  filaments  in  a  good  vacuum 

rrents  of  the   order  of  an  ampere  per  square  centimetre   of 

rfJBMse. 

106.  This  escape  of  negative  electricity  from  glowing  carbon  in 
gh  vacua  is  the  cause  of  an  eflfect  observed  in  incandescent  electric 
nips,  known  as  the  Edison  effect,  and  which  has  been  studied  by 
i^ece*  and  in  great  detail  by  Fleming f.     The  'Eklison  effect* 


A  C 

Fig.  43. 

'^  as  follows :  Suppose  that  ABC  represents  the  carbon  filament 
^f  an  incandescent  lamp,  and  that  an  insulated  metal  plate  is 

*  Preeoe,  Proc.  Roy,  Soc,  xzxviii.  p.  219,  18S5. 

t  Plemiiig,  Froc,  Roy,  Soc.  zlvii.  p.  US,  1S90 ;  Phil.  Mag,  zUi.  p.  52,  1S96. 
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inserted  between  the  filaments ;  then  if  the  poeitive  end  A  of  ti 
lilamont  is  cunnected  with  a  wire  D  leading  trom  tlie  metallic  pUl 
lutd  ti  ^ilvanoineter  inserted  between  A  and  D,  a  consideiabi 
current,  miioiinting  in  some  of  Fleming's  experiments  to  three d 
four  mi  Ilia  nil  teres,  parses  through  the  galvanometer,  the  dirwtitK 
of  I  he  current  being  from  A  to  D  through  the  galvanometer.  Ii 
however,  the  metal  plate  is  connected  with  the  negative  electrod 
of  I  he  lump  and  a  galvanometer  inserted  ia  this  circuit,  the  cutren 
thrvtugh  I  he  galvaiKHDetCT  is  exceedingly  small  compared  with  lb 
ot»'rvcd  in  the  pnoeding  ease.  Wc  sec  that  this  in  what  woafe 
txx'ur  if  ihcrt-  was  «  rigon>us  discharge  of  negative  electrioity  froa 
the  iwgRliw  leg  of  the  carbon  GUtment,  and  no  diocharge  o 
ft  mtK'h  stiuilW  iwe  from  the  positive  leg;  this  would  tend  b 
uvftl^o  the  {H^tcutial  of  the  metal  plate  differ  but  little  from  tiuvt  q 
the  ne^livv  lifg  of  tbe  carban  lot^,  while  the  differentx  » 
}<*.>i«ruuMl  U-t'«-\<«a  the  peBilira  1^  aod  tlic  plate  would  be  newlj 
ikti  Wivvm  the  riaetwidM  of  the  Ismpt  and  cra»eqaeiitJy  tin 
vHtnvttt  thrvMij^  •  cimut  eoanectiiig  the  positive  electrode  to  thi 
tuo4»!t».'  yi»W  »v'--^!'.l  be  u;-jch  ^.-Ai-.r  than  through  one  ccunrtlin} 
;>v  •.•■,s;»:nt  tWttvxie  to  the  plate. 

t"*M-.' ■•.'j:  >>. -•evi  :ha:  wh^n  the  negative  teg  of  the  carboD  loo] 
1. 1*  *  :-\^;:>,kxl  bv  a  ovUniler  made  either  of  metal  or  of  m 

■,*,-  .1    ■■<:  >  ,S>:iC>.v,  :h^  Edi^^o  ^ect  disappeared  almost  eotireh 

Vvi A  i.v  Vvi^K-  Jij:  EIsi.fr  and  Geitel  had  previously  shown  b 

i  Nvi  s  ■«  \«-.  .■■!*vrvc:  Ktsbixi.  sbai  a  onttent  of  electricitj' ««! 
\\»v-.  X\»--v;'  u-  •si.-DCJvitiiVfc;  ouboo  fiUmeat  and  a  cold  electrod 
K  •  vV'-  ••'■  ■•  -3^  v-'JLrrvct  w*s  such  as  to  cause  the  negati" 
,.^v,  V  *  o  wv*  ^.oi  Tav  !h,>«  Siuneni  lo  the  cold  plate,  and  tb 
,  ,  ,  .. ..  -.  ,.  >.■  a-.-;  \ws»  -Ji  T»e  vYfMate  ilireciion.  Elster  » 
\  V .  o.  »■.»■  ^■v-,  :->a;  *  w*^  plan-vd  near  an  incandescent  6 
vvv.>v\-  .>va  ^  ■'ijrx-  fiai^  xartia  a  charge  of  negat 
,  ,^ ',>>.  V;>.*^viLr -r  :3*  a-.i  liiuaent  show?  that  it,  1' 

K  .M>,,.  <^*^;1  vii*;-^i;ii  *"J>;-  tfOLiss  negative  electrifieati 
•  •>.,       K      ..    v*.>^'  T^'.i"   "->-■  --^irOvn  ianieiH  is  much  greater  tt 

V      t- ..      K    ■s;v:j>Miti  •TV — itwu  *s  w*  hAv«  seen  the  latter 

V         ..K...     ■  ■  -  -  ;         ^^(.)> 


(tMM|^         r*< 


::a^  •nn  oirfaon.al 
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■nly  appreciable  when  the  platinum  is  so  hot  that  it  ia  on  the 
V"iiH  of  melting. 

^B06.    There  can  thus  be  no  doubt  that  from  incandesceDt  metals 

p'cubon  there  is  a  very  rapid  escape  of  negative  electricity.   The 

Ni'^tion  arises,  What  are  the  carriers  of  this  electrification  ?     The 

'■wr  to  this  question  seems  at  firat  sight  obvious,  for  both  the 

■  iiUin  filament  and  the  platinum  wire  volatilise,  or  at  any  rate 

gut  off  dost  if  not  vapour  at  high  temperatures.     This  is  shown 

b;  the  fiiniiliar  depoeit  of  carbon  on  the  glass  of  incandescent 

liimjis,  and  of  platinum  or  platinum   oxide  on   the  w-alls  of  an 

*!uui«ted  vessel  in  which  a  platinum  wire  has  been  glowing  for 

I'lig  period.     It  seems  natural,  therefore,  to  regard  the  carriers 

'  'lie  negative  electricity  as  the  molecules  or  atoms  of  carbon 

I  |.latinum  vapour.     We  might,  however,  be  led  to  suspect  the 

i^uraey  of  this  view  when  we  observe  the  enormous  quantities  of 

:  electricity  which  can  be  discharged  by  a  small  piece  of 

|rthin  wire ;  quantities  which  are  inconsistent  with  that  law  of 

Ittlysis  which  states  that  to  catty  a  quantity  of  electricity  E 

equirc  a  mass  of  a  substance  Ee,  where  e  is  the  electrochemical 

niient  of  the  substance, 

however,  determine  by  the  method  of  Art.  59  the 

f^'w  of  the   charge   e   to   the    mass   m  of  the   cairjers  of  the 

^■iritive  electricity  from  an  incandescent  wire.     The  results  of 

Jliit  iletenoination.  which  are  given   in  Art,  59,  are  conclusive. 

fetbey  ahow  that  the  value  of  ej-m   for  these  carriers  is  the 

a  its  value  for  the  carriers  of  the  negative  electricity  in  the 

ode  mys,  and   in   the  discharge  of  negative  electricity  &om 

9  placed  in  a  good  vacuum  and  illuminated  by  ultra-violec 

Thus  the  negative  electricity  from  the  hot  wire  is  carried 

pe  same  carriers  as  the  cathode  rays,  i.e.  by  '  corpuscles,'  those 

H  negatively  electrified  bodies  of  constant  mass  which  in  all 

«  yet  investigated  act  as  the  carriers  of  negative  electricity 

fjii  racnu. 

B  diiui  are  led  to  the  conclusion  that  from  an  incandescent 

t  or  glowing  piece  of  carbon  '  corpuscles '  are  projected,  and 

h  w«  have  as  yet  no  exact  mea.siirements  for  carbon,  the  rate 

I  must,  by  comparison  with  the  known  much  smaller 

r  plntinum,  amount  in  the  ca.se  of  a  carbon  filament  at  its 
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highest  p»D[  of  incaodeaoeiiee  to  a  mirrent  equal  to  seta 
amperes  per  ^nai«  centimetre  of  snifitce.  This  bet  majr  m 
ao  imporXAri  appiicKtion  to  some  oosaiical  pheitomena,  siii 
according  :•'  ihe  geneisUj  received  opinion,  the  pbotospbeKj 
the  suD  ci'Dtains  lai^  qoantitiea  of  glowing  carbon;  thia  aain 
will  emit  ojq'usdes  unless  ihe  snn  by  tht  loss  of  its  corpustf 
at  an  earlier  stage  has  acquired  such  a  large  charge  of  poeilnj 
etwtricity  that  the  attmction  of  this  is  suffioient  to  preTcnt » 
negatively  eiectrified  particles  from  gelling  right  away  from  t| 
sun:  vet  evt-n  in  this  case,  if  the  temperature  were  from  i^ 
caii^  t')  rif4^  above  it£  average  xalue,  corpuscles  would  sited 
away  from  iht>  sun  into  the  sniroundiiig  space.  We  may  th 
regard  the  sun,  and  probably  any  luminous  star,  as  a  sources 
negatively  electrified  particles  which  stremn  through  the  noli 
and  stellar  ^\-stenia  Now  when  corpuscles  moving  at  a  !ii^ 
speed  jhiss  throu^  a  gas  they  make  it  lominous ;  thus  when  i| 
ci-rpuscles  Irom  Ae  sun  meet  the  upper  regions  of  the  eafltj 
atm<wphere  they  will  produce  Inminons  eiffects.  Arrheauus*  ■ 
f^hawn  that  we  'can  t-x].lain  in  a  s^itisfart-in,-  manner  ni^iny  ^'f  th 
periodic  variations  in  the  Aurora  Borealis  if  we  assume  that  it 
caused  by  corpuscles  from  the  sun  passing  through  the  upp" 
regions  of  the  earth's  atmosphere. 

The  emission  of  corpuscles  from  incandescent  metals  a' 
carbon  is  readily  explained  by  the  view — for  which  we  6nd  et 
fimiation  in  many  other  phenomena — that  corpuscles  are  ^ 
seminated  through  metals  and  carbon,  not  merely  when  these 
incandescent,  but  at  all  temperatures;  the  corpuscles  being 
small  are  able  to  move  freely  through  the  metal,  and  they  n 
thus  be  supposed  to  behave  like  a  perfect  gas  contained  a 
volume  equal  to  that  of  the  metal.  The  corpuscles  are  attraci 
by  the  metal,  so  that  to  enable  them  to  escape  into  the  sp 
surrounding  it  they  must  have  sufficient  kinetic  energy  to  ca 
them  through  the  layer  at  its  surface,  where  its  attraction 
the  coq)uscles  is  appreciable.  If  the  average  kinetic  enei 
of  a  corpuscle  like  that  of  the  molecule  of  a  gas  is  proportio 
to  the  absolute  temperature,  then  as  the  temperature  increa 
more  and  more  of  the  corpuscles  will  be  able  to  escape  from 
metal  into  the  air  outside. 

*  Arrhaiilai,  Phj/tiluilitehe  Zeitichrift,  ii,  pp.  61,  97,  1901. 
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RcUe  at  which  the  corpuscles  escape  from  the  metal. 

107.     We  can  without  much  diflSculty  find  an  expression  for 
tihis  quantity  if  we  assume  that  the  corpuscles  in  the  metal  behave 
like  a  perfect  gas.     Let  AB,  CD  represent  two  planes  parallel  to 
ihe  surCekce  of  the  metal  including  between  them  the  region  in 
which  the  metal  exerts  an  appreciable  force  upon  the  corpuscle. 
Let  OS  take  the  axis  of  x  at  right  angles  to  these  planes,  the  posi- 
tive direction  of  x  being  from  the  air  to  the  metal ;  then  if  p  is 
ike  pressure  due  to  the  corpuscles,  n  the  number  of  corpuscles  in 
rait  volume,  X  the  force  acting  on  a  corpuscle,  we  have  when 
theie  is  equilibrium 

i-^' m- 

if  the  corpuscles  behave  like  a  perfect  gas  p  =  /SBn,  where  6  is 
the  absolute  temperature  and  /S  a  constant  which  is  the  same  for 
all  gases;  substituting  this  value  for  jo  in  equation  (1),  we  get 

^^S=^- (2); 

"itegrating  this  equation  from  CD  to  ilJ5,  we  get 

«f  n'=^Ne~^ (3), 

"oere  n'  and  N  are  respectively  the  numbers  of  corpuscles  in  unit 
volume  of  the  air  and  metal,  and 

^nua  V)  is  the  work  required  to  drag  a  corpuscle  out  of  the  metal. 

Equation  (3)  gives  the  number  of  corpuscles  in  the  air  when 
'''^^gs  have  attained  a  steady  state.  To  find  the  number  of 
^T>U8cles  coming  from  the  metal  in  unit  time  let  us  proceed 
^  follows :  regard  the  steady  state  as  the  result  of  a  dynamical 
^nilibrium  between  the  corpuscles  going  from  the  metal  to  the 
*^  and  those  going  bom  the  air  to  the  metal.  If  n  is  the 
number  of  corpuscles  in  unit  volume  of  the  air,  the  number  which 
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in  one  second  strike  against  unit  area  of  the  metal  is  by  the 
Kinetic  Theorj'  of  Gases  eqnal  to 

tudn. 

dn  being  the  miiabei:  of  corpuscles  which  have  velocities  between 
M  and  u  ■+  du^  imd  the  summation  is  to  be  taken  for  all  positive 
values  of  h.     Xow  if  n'  is  the  total  number  of  corpuscles  in  unit 

volume 


dr 

where  m  is  the  mass 


where  c  n  the  \elocity  of  mean  square  and  is  equal  to  a(0/m^, 
a  being  a  constant  which  is  the  same  for  all  gaaes:  substituting 
thi'  \alue  of  n'  from  equation  (3)  we  find  that  the  number  of 
coqmacles  coming  from  the  air  and  striking  against  unit  area  of 
the  metal  in  unit  time  is  equal  to 

if  wt'  suppose  that  all  the  corpuscles  which  strike  against  the 
mot-al  enter  it,  this  will  be  the  number  of  corpuscles  entering 
the  metal,  and  therefore  in  the  steady  state  the  number  leaving  it ; 
the  number  may  be  written  in  the  form 

this  number  multiplied  by  e  will  be  the  quantity  of  negative 
electricity  leaving  unit  area  of  the  metal  in  unit  time,  and 
therefore  will  be  the  saturation  current  from  a  hot  wire  at 
the  temperature  0.  Richardson's  measurements  of  the  saturation 
cunent  at  different  temperatures  agree  well,  as  we  have  seen, 
with  a  formula  of  this  form.  From  the  values  of  a  and  b  deter- 
mined by  experiments  on  the  escape  of  electricity  from  a  hot  wire 
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^«re  can  deduce  the  values  of  N  and  w.    Richardson  found  that  for 

platinum 

a  =  r5xl0«  and  6  =  4-93x10*; 

this  gives  i\r=  1*3  x  10"  and  w  =  8  x  lO"""  ergs. 

The  pressure  due  to  the  corpuscles  in  the  metal  would  at  atmo- 
speric  temperature  be  between  30  and  40  atmospheres. 

Richardson*  has  investigated  the  leak  from  hot  sodium  and 
found  that  it  is  very  much  greater  than  that  from  platinum  at  the 
same  temperature,  and  could  be  detected  at  temperatures  as  low 
as  200*_300''  C.    Wehneltf  discovered  that  the  leak  from  oxides 
of  the  electropositive  metals,  calcium  and  barium,  is  also  very  much 
8*^ter  than  from  platinum  at  the  same  temperature,  a  spot  of 
^^6  on  an  incandescent  piece  of  platinum  furnishing  a  very  con- 
venient source  of  an  abundant  supply  of  negative  corpuscles, 
•^elmelt  proved  that  the  variation  with  temperature  of  the  leak 
^^'^  these  incandescent  oxides  was  also  expressive  by  an  equation 
^^     tihe  type   of  that   on  p.  194;  Owen  J   has  shown  that  this 
^^pi-ession    holds    for   the    leak    from    an    incandescent    Nemst 
^^ent 

Sichardson§  gives  the  following  values  for  b  deduced  from  his 
^^^  observations  and  from  those  of  H.  A.  Wilson,  Wehnelt,  and 
^^en. 


Sabfltanoe 


\ 


^^arbon    

Platinum  treated  for  24  hours  with 

nitric  acid   

Platinum  treated  for  1  hour  with 

nitric  acid  

'  Platinum  in  hydrogen  at  0*0013  mm. 
Platinum  in  hydrogen  at  0*112  mm. 
Platinum  in  hydrogen  at  133  mm.... 
Platinum  not  specially  treated   

Nemst  filament 


Observer 


Barium  oxide  on  platinum 
Calcium  oxide  on  platinum 
Sodium    


Richardson 


7-75  X  10*      6  X  1025       H.  A.  Wilson 


H.  A.  Wilson 
H.  A.  Wilson 
H.  A.  Wilson 
H.  A.  Wilson 
Richardson 

Owen 

Wehnelt 
Wehnelt 
Richardson 


6-55  X  10* 

6-9  X  1026 

6x10* 

102« 

4-3  X  10* 

5*3  X  10*3 

1-8x10* 

1018 

4*93  X  10* 

7-5  X  10«5 

^•^^  X  10* 
4*82  "^  ^^'^ 

3-5  X  102* 

115x1023 

4-49x10* 
4-28  X  10* 
316x10* 


7-2  X  102« 

4-5  X  1026 

1031 


♦  RicharclBon,  Phil,  Trans,  201,  p.  516,  1903. 

t  Wehnelt,  Ann.  de  Phys.  14,  p.  425,  1904. 

X  Owen,  PhiL  Mag.  [6]  8,  p.  230,  1904. 

§  Richardson,  Jahrbuchfiir  Radioaktivitat  1,  p.  308,  1904. 
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which  gives  the  leak  obeerred   br  H.  A.  Wibon  from  a  pU 

£^-^ 

iMkdikalaM 

isn 
■in 

1M4 

1545 

1                 1.'^ 

■SJxlQ 
l-tSxlO 

r^xio 

(■9  xlO 
W  xIO 

r»  XlO 

»      xlO 

H9«10 
3-33  X  10 
TlBulO 
15-3    XlO 
31-8    xlO 
64-5    xlO 
188-5    »lll 

Th,-  U-tor 

f  **.  hi-nci-  we  find  that  w.  the  work  required  to  detach  a  cor 
Inmi  the  plutinuiu.  is  that  required  to  drag  its  charge  th 
a  p"itential  difference  of  about  56  volts.  A  amatt  change  : 
ani'iunt  of  this  work  such  as  would  be  produced  by  a  double 
uf  t-Ieetricity  at  the  surface  of  the  wire  would  produce  eno 
changes  in  the  amount  of  negative  electricity  coming  fro 
wir^-.  Thus  taking  the  case  given  above,  we  see  that  at  i 
jiorature  <if  1000'  absohito  the  exponential  term  is  e"*.  Si 
now  that  a  doiible  layer  of  electricity  were  set  up  at  the  s 
of  such  a  sign  as  to  help  the  corpuscles  to  escape  from  the 
and  sHpjuisi.'  that  the  jwtential  difference  between  the  coati 
the  double  layer  were  1  volt.  The  extra  work  requii 
detach  a  coqjuscle  would  be  that  corresponding  to  4(j  i 

of  .5-G  volts;  this  would  make  the  exponential  factor  t 
or  £-'"  instead  of  «~",  thus  the  effect  of  the  aurfjice  layer  wo 
to  increase  the  current  e"  or  more  than  1.50,000  times. 

H.  A.  Wilson"  has  shown  that  the  negative  leak  from 
platinum  wire  is  enormously  increa.sed  by  the  presence  ol 
quantities  of  hydrogen,  since  platinum  absorbs  hydrogen  tl: 


■  H.  A.  Wilson.  Phil.  Tran> 


!,  p.  343,  1903. 
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a  Boiirce  of  this  gas ;  by  boiling  the  wire  in  nitric  acid  bo 

otiminate  the  hydrogen  Irom  it  he  was  able  to  reduce  the 

to  1/250.000  of  its  value  from  a  wire  not  so  treated.     He 

too   that   the  leak  from  a  hot  wire   in  hydrogen  at  low 

tres  wtis  proportional   to  the  pressure,  whereas  in  air  and 

Tapour  the   leak  at  low  pressures  is  indepeudent  of  the 

K   provided   the   electric   field    is   not   intense   enough   to 

ice   ionisation    by  collision.     He  also  found  that  when  the 

;re  of  the  ion  was  altered  time  was  required  for  the  wire  to 

the  leak  appropriate  to  the  new  pressure,  indicating  that  the 

depends  more  upon  the  hydrogen  absorbed  by  the  platinum 

on  that  ontside  the  wire.    He  concludes  from  his  experiments 

the  negative  leak  from  hot  wires  depends  almost  entirely 

the  presence  of  traces  of  hydrogen  and  if  these  were  removed 

would,  if  it  did  not  vanish  altogether,  be  very  greatly 

On  one  occasion  when  a  little  phoaphorus  accidentally 

B  the  wire  the  leak  was  enoraiovisly  increased.     In  all  cases 

iver  he  found  that  the  variation  of  the  leak  with  tho  teni- 

was  expressed  by  a  relation  of  the  fonn  given  on  p.  194. 

enormous  effects  produced  by  hydrogen  on  the  rate  (if 

may  be  due,  at  any  rate  in  part,  to  the  production  at  the 

of  the  platinum  of  double  layers  of  electrification  helping 

irpiisclee  to  escape  frnm  the  metal.     We  shall  find  when  we 

ler  in  Chapter  X,  Photo-electric  effects,  that  the  presence 

facilitates  the  escape  of  the  corpuscles  when   the 

tun  is  exposed  to  ultra-violet  light,  and  that  this  can  also  be 

ined  by  the  formation  of  a  double  layer  of  electricity  at  the 

of  the  metal. 

recently  observed  another  instance  of  the  eflfect  of  hydrogen 
e  escape  of  corpuscles  from  sodium.  A  bright  surface  of 
n  was  prrxiuced  in  a  highly  exhausted  vessel  which  con- 
1  a  well  insulated  electroscope,  this  vessel  was  placed  in 
uuber  from  which  all  light  was  carefully  excluded  and  which 
0  dark  that  a  sensitive  photographic  plate  was  not  fogged 
Ml  exposure  <)f  +8  hours,  under  such  circiirastances  the 
"•cope  very  slowly  lost  a  positive  charge  but  retained  a 
Sve  *ine ;  when  however  a  trace  of  hydrogen  was  sent  into 
M  in  the  dark  chamber,  the  electroscope  began  to  lose 
b^arge  much  more  rapidly,  there  was  no  leak  if  the 
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t»lectrosc(>i)e  was  negatively  charged ;  the  increased  leak  from  the 
1  positively  charged  electroscope  lasted  for  a  few  minutes  and  then 
disappt^ared,  it  could  however  be  renewed  by  letting  in  fresh 
hydrogen  and  this  process  could  be  repeated  time  after  time. 
This  leak  was  stopped  when  the  electroscope  was  placed  in  & 
nijignetic  field,  showing  that  it  was  due  to  negative  corpuscles 
I'oniing  from  the  sodium  while  the  metal  was  absorbing  hydroga 
Nt»  leak  of  the  electroscope  occurred  if  oxygen  or  carbonic  add 
gjis  was  admitted  into  the  vessel  instead  of  hydrogen. 

108.  The  double  layer  at  the  surfiice  of  the  metal  might  in 
juri  Iv  duo  to  the  sjune  causes  as  those  which  produce  the  contact 
potential  diftorence  between  two  electrol}'tes  of  different  concen- 
trations. If  two  electn>lytes  are  in  contact  and  in  one  of  them 
tlu'iv  is  stn^ng  ionisi^tion  and  in  the  other  weak,  there  is  a  difference 

ot'  iH^tontial  Ivtween  them  pn^portional  to  R0  loe— ,  where iJ is 

Pi 
{\w  ^\s  K\m^umx,  &  the  absolute  temperature  and  p^  and  /).  the 

p^vssniv   of  the   ions   in  the  two  solutions.     Now  some  metals, 

l^ci:iu\uu  and  svxlium  for  example,  absorb  hydrogen  and  this  is 

tv*»r.sK\l  in  the  u\otaK  thus  the  metal  and  the  surrounding  space  are 

a:\v\'>;v^us  to  two  oUvtrv>lytos  in  contact  in  one  of  which  there  is 

^;*\ -.'j:  u^nisAtion.  whilo  there  is  ven-  little  in  the  other,  there  will 

*»^v,x  \v  A  ditfer^uKv  of  [K>tontial  and  thereforv  a  double  layer  of 

v'Uv;v;?Xv'>At>ou  a:  the  surtiuv:   in  addition  to  this  source  of  the 

vU^';Mx*   ^^wr  :her\^  uuiv  bo  that  which  ijives  rise  to  the  Volta 

vN'-5\;<*o;   viirt\*rt*iKv  v^f  [v:ontiaI.    The  existence  of  double  layers 

tWMu  s>AU9^'«  such  AS  tht'ii^\  :h^Hlv:h  not  adecting  the  form  of  the 

^A{v*\v*B»,u»ix  V*  ;ho  Ic<ik  ::i  urtus  of  the  temj^rature.  would  affect 

*N^'  (A^"^"^'^  iuv\c*.i«j:  :o  U*  j:i^on  :o  :he  v.vnstjsuits*  and  would  for 

v^v^u^^slv  uKi)^v  i:   :lA^t:uuiA:e  :v>  ^ievi'.ivv  ttx.Hu  the  value  of  the 

snnu\VvM^Ii   n»    ».w  'vhc   vrtuula   OK   Wi^'   li^  the  number  of  ftee 

^^  *^  t^^  s*wtifl«Kis»«i  of  'h^*  y!<i>p^::\v  v.vrjHiscie*  th>m  heated  sub- 
^7^^S>!^  ^\  ^^v^  ^  iSuiJ^  H\»«^t^.vl  ^«.*  :Iv  s^.-ixi  >:a:e.  ba:  i^  a  property 
fttoxtLui-^^^  ^  x^5^*>v*vv^  stsiSv  o:  yii>^v**  *<;jcrv>r*^i'-Hi  is  may  ^vcur. 
iKiuTk^  ^^^  34^>i^v*^<^'<  VV.*  ooiusMv-fit  .r  :cin'  r:<'C5fc:ivv  cv^i^uscles 
^  K%%tT^  ^K^^^^  w  >h^<^  SiV^u  Jii  "^ac  ^-h^^  .*r  :j*xi:uui  v^ipour;  if 
•^  IVl^ilK^^^  W  v*^¥X\i  ii*  A  '^^i^'  ^^-'"i  ^i  ch  ill  i*5  hifts  as  fiir 
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r  conductor  sealed  in  the  tube,  if  however  the  tempera- 
iir.  is  raised  to  about  300"  C.  in  the  dark  a  considerable  leakage 
I  i-le*;iricity  from  the  charged  conductor  will  occur,  whether  the 
liiirge  be  positive  or  negative;  the  leak  in  the  former  case  is 
'i"*ever  greater  than  in  the  latter.  It  might  be  thought  that 
'li^  leak  is  due  to  the  corpuscles  given  out  by  the  solid  sodium  in 
tif  lube,  thiise  however  woiild  be  negatively  charged  and  could 
lit  discharge  a  negatively  charged  conductor;  nor  is  it  due  to 
iliiim  condensed  on  the  charged  conductor  itself,  for  there  is  no 
■A  on  cooling  down  to  the  tem])erature  of  the  room  and  ex- 
I'-'^ing  thf  charged  conductor  when  negatively  electrified  to  light; 
I  Mjdium  had  condensed  on  the  fharged  metal  the  leak  would 
'lave  been  very  perceptible. 

If  (he  atoms  of  sodium  vaiiour  emit  negative  corpuscles  they 

'ill  be  ]x>sitively  charged  and  so  should  be  attracted  by  a  negatively 

'  Wtrified  body.     The  following  experiment  which  I  have  recently 

fi^  shows  that  this  is  the  case     Sodium  was  heated  in  a  highly 

■ihausted   vessel,  place^l  in  a  dark   chamber;    two  glass  tubes 

K  c  fused    in    the   vessel   had   electrodes   running  down   theui 

"hicli  could  be  maintained  at  diS'erent  potentials  by  connecting 

''i™  with  the   tenninals  of  a  battery  of  storage   cells.     These 

'ilii*  were  at  a  slightly  lower  temperature  than  the  lower  part 

"'  the  vessel   so   that   the  sodium    vapour  condensed  in  them. 

If  the  wires  were  not  charged  the  deposit  of  sodium  was  about 

'■fjiially  dense  in  the  two  tubes,  if  however  a  difference  of  pott^ntial 

"'  about  300  volts  was  maintained  between  the  tubes  the  deposit 

"'  *t<Klinm  was  found  to  be  almost  entirely  confined  to  the  tube 

TOiitiuniug  the  negatively  electrified  wire ;  this  was  not  due  to  any 

*«l  iif  oymmetry  in  the  tubes,  because  the  deposit  could  be 

■Pwned  on  either  tube  by  charging  its  wire  negatively, 

m    The  etmssion   of  the   negatively   electrified   corpuscles   from 

BMimti  atoms  is  conspicuous  as  it  occurs  at  an  exceptionally  low 

Htaptiisttire ;  that  this  emission  occurs  in  other  cases  although  at 

Bfty  much  higher  temperatures  is,  I  think,  shown  by  the  con- 

VBetivity  of  very   hot   gases,  and   especially   by  the    very  high 

Bwcity  possessed   by   the   negative   ions   in    these    gases;    the 

BMiraion   of  negatively   electrified   corpuscles   from   atoms   at   a 

mfiV  high  temperature  is  thus  a  projjerty  of  a  very  large  number 
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The  emission  of  ooipuscles  from  the  atom  must  play  a  v6I1' 
important  pi^rt  in  the  decomposition  of  the  moleciilefl  t'f  a  ivm- 
pound  by  heat,  it'  the  forces  which  bind  the  atoms  together  in 
the  moieciilf  are  mainly  electricnJ  in  their  origin.  For  imagint 
a  molecule  consisting  of  two  atoms,  one.  A,  positively,  the  olJwr. 
B.  negatively  electrified.and  sup]]ose  that  the  teroperat\ire  ie  nitnd 
until  the  point  is  reached  when  the  negatively  electrified  atom 
begins  to  discharge  the  negatively  electrified  corpu»el*«r  viwz 
this  stage  is  reiiche '   "  '  scle.     Let  ua  supjxiee  thst 

under  the  eKctiic  hi  uds  its  way  to  the  poaitivtJr 

electrified  A  miitral  that  momentarily  A  aaiB 

are  without   chjirge,  reviously  existing  beUeai 

them  is  annulled  an  t  anything  to  prevent  lieir 

drifting  apart.     It  (  wever  that  the  molecule  if 

necessarily  ptTUianei  has  now  no  positive  chwge 

to  prevent  the  ncga  m  escaping,  and  as  it  i*  tlw' 

electropositive  elemt  md  it  would  imder  aimilu 

conditions  lose  corpu  -  than  B :  thua  A  will  soon 

rt'gain  its  ^Misitive  charge.  B  bejng  without  chargi-  canriol  di^ 
chai'go  negative  corpuscles  as  easily  as  it  did  previously  when  it 
was  negatively  electrified,  thus  some  time  may  elapse  before  B 
emilii  a  corpuscle,  and  in  the  interval  it  may  get  struck  by 
negative  coq>uscle  and  thus  acquire  a  negative  charge,  recombina'' 
tion  might  then  occur  between  it  and  the  positively  charged  A, 
this  combinatioH  being  dissolved  again  by  the  process  we  have 
already  sketched.  We  should  thus  get  to  a  state  in  which  there 
is  statistical  equilibrium,  the  number  of  recombinations  in  unit 
time  being  equal  to  the  number  of  atoms  dissociated  in  that  time: 
the  proportion  of  the  free  to  the  combined  atoms  will  depend  upon 
the  pro(>erties  of  fach  of  the  atoms ;  the  more  easily  A  loses  its 
corijuscles  by  heating  and  the  greater  the  difficulty  of  getting 
the  ci>ipu9cles  out  of  B,  the  smaller  will  be  the  proportion  of  free 
atoms.  These  considerations  show  that  heat  may  produce  dis- 
sociation in  other  ways  than  the  more  commonly  recognised  one 
of  increasing  the  kinetic  energj'  until  the  centrifugal  force  is  great 
enough  to  overjmwer  the  attraction. 

110.  The  emission  of  corpuscles  by  hot  bodies  will  make  all  such 
bodies  conductors  of  electricity,  and  the  conductivity  will  increase 
very  rapidly  with  the  temperature.    If  we  take  for  example  a  piece 
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ciich  as  Wehnelt  has  shown  gives  oft'  large  quantities 
Bcles  at  high  tempera tufes,  then  when  the  lime  is  hot  it  will 
i  large  supply  of  free  corpusrles  which  will  move  under  an 
!  Geld  and  make  the  lime  a  conductor.  Experiments  are 
[  inade  at  the  Cavendish  Laboratory  by  Dr  Horton  to  see 
Uier  the  conductivity  which  bodies,  auch  as  glass,  acquire  at 
^  UiiiperaturL'S  is  not  due  to  the  emission  of  corpuscles  ^m 
I  molecules  of  the  hot  substance. 

We  thus  see  that  from  an  incandescent  wire  corpuscles  are 
i  at  ft  rate  sufficient  to  produce  a  verj-  large  rate  of  leak 
;  pressure  of  the  gas  surrounding  the  wire  is  very  low ; 
1  pressures  there  is  very  little  gas  to  hamper  the  motion  of 
tti<  corpuscles,  which  consequently  can  move  with  verj'  high 
ibwilies;  as  soon  as  a  c()rpuscle  emerges  from  the  incandescent 
f^urfece  it  travels  away  from  it  towards  the  cylinder  surmunding 
the  vfire,  and  when  the  current  between  the  wire  and  the  cylinder 
i'  saturated  none  of  the  corpuscles  diffuse  back  again  into  the  wire. 
When  however  the  pressiire  of  the  gas  surrounding  the  wire 
I*  ronaideruble  the  corpuscles  cannot  travel  so  freely,  they  tend  to 
ii;iimulate  in  the  neighbourhood  of  the  wire  and  some  of  them 
liilfuac  back  into  it  again.  The  density  of  the  corpuscles  in  the 
n-igblnmrhood  of  the  wii-e  cannot  exceed  a  definite  value,  given 
t')  «luation  (3),  p.  li)9:  just  as  in  the  case  of  the  evaporation  of 
» liquid,  the  pressure  of  vajwur  in  contact  with  the  liquid  cannot 
■■"xvd  a  definite  value  depending  upon  the  temperature, 

Rsliititm  betweeit  the  cvrreiit  and  the  potential  differeiice. 

112,     Let  us  consider  the  case  of  two  parallel  plates  at  right 

auglta  1.1  the  axis  of  x,  then  if  only  one  of  the  plates  is  incandescent, 

'  wifbolh  ape  incandescent  but  the  temperature  is  so  low  that  only 

Wtive  ions  are  produced  at  the  surface  of  the  plates,  then  the  ions 

KiBtying  th*f  current  between  the  plates  will  be  all  of  one  sign  and 

*  may  apply  the  results  of  Art.  50.     Hence  if  X  is  the  electric 

B.fc  the  velocity  of  the  ion  under  unit  electric  force,  we  have, 

j<i»llie  current, 

47rt 


■^  dx        k 


eifi-i: 


indi-]>endent  of 


have 


[rm 


r  «C  MBS  ftx  eabie  eratimcder 

^         A— 


siiT  of  tin  loni  ak  Un  hot  plate  when  x  >=  0  it 


b^■:    jC\:^    per    ^Mq 

vx'rpiiscic*  suiting  i 
K  is  :he  c^mWr  i>f  c 
p'.;!:*?,  :hc  cv-rober  sb 


electricity  emitted  by  the 
idly  of  electricity  pc 
he  plftte  is  I :  the  difiereace 
back  to  the  plate  by  the 
lowed  oo  page  200  that  if 
volome  in  the  gas  near  the 
the  plate  per  second  ib 


*vhi't\'  '■  i^  iho  voKx-ity  of  me^n  square  of  the  corpuscles.     Since 

H  =  1  fkCi. 

iho  chitn^'   givtii   to   the  plate  by  the  corpuscles  which    strike 

.ii:;iiiist   it   ij; 


\  tiTil-C* 


v<\\ui\  to  /  —  t  we  havt 


\tj-n-kWC' 


an-' (I- if 

If  V  is  the  difference  of  potential  and  I  is  the  distance  between 
the  plates,  V  =  j  Xite,  and  since 


-,L[(¥-'')'-<^']^ 
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or  substituting  the  value  previously  found  for  C 

127riL\   k    '^6irk'(I-iy)     (G9r)U-»  (/ -  V >»J  *  * '^  ^• 

This  gives  the  relation  between  the  current  and  the  potential 
difference.     /  is  the  saturation  current. 

The  quantities  are  supposed  to  be  measured  in  electrostatic 
units. 

We  shall  consider  two  particular  cases  of  this  equation ;  the 
first  is  when  %  is  so  small  compared  with  /  that 

69rA»  (/  -  iy 

is  small  compared  with  "iT' 

Then  equation  (1)  becomes 

'-L? (^>- 

Thus  the  current  increases  more  rapidly  than  the  potential 
difference,  and  diminishes  rapidly  as  the  distance  between  the 
plates  is  increased. 

This  equation  has  been  tested  by  Rutherford*;  we  cannot 
however  expect  the  theory  to  be  in  very  close  agreement  with  the 
facts,  for  in  deducing  equation  (1)  we  have  made  several  assump- 
tions which  are  not  satisfied  in  practice ;  in  the  first  place  we 
have  assumed  that  k  is  independent  of  x,  this  will  only  be  true 
when  the  temperature  is  uniform  between  the  plates,  it  will  not 
be  true  when  one  plate  is  hot  and  the  other  cold,  for  the  velocity 
of  the  ion  depends  upon  the  temperature.  Thus  H.  A.  Wilson  f  has 
shown  that  in  a  flame  at  a  temperature  of  about  2000°  C.  the 
velocity  of  the  negative  ion  under  a  potential  gradient  of  1  volt 
per  cm.  is  about  1000  cm./sec,  that  of  the  positive  ion  under  the 
same  gradient  62  cm./sec;  in  hot  air  at  a  temperature  of  about 
1000°  C.  the  velocity  of  the  negative  ion  is  only  about  26  cra./sec, 

*  Bntherford,  Phyiical  Review,  xUi.  p.  321,  1901. 
t  H.  A.  Wilson,  Phil  Trans,  A,  192,  p.  499,  1899. 
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ihai  vf  ihe  ix.-:-:v.  itboot  7-2  cm./eec  M'Clelland"  found  thaltbe 
ii.ni  ftv-m  an  [[u^inii'-somt  wire  wbea  they  got  into  the  cold  airri 
^--ine  disianci  rniu  ihe  wire  traTellec)  with  veKwitiea  as  einall  u 
t>4  cm.  W-.  and  ih,*;  the  Telocitrdintinished  as  iho  ions  got  further 
fri'Uj  ih<f  wirt  and  coukl  be  increaaed  again  hy  warming  the  ions; 
ifiiij  3c  \-aric*  rapidly  with  the  temperature  and  therefore  withi, 

Tht-  incD^a^  "f  I-  with  the  temperature  makes  the  current 
incrvaA?    rapidly  wit,"       '       '  of   the    hot   plat*;.     We 

srv   from   equation   i  Qt  for  a   constant   small 

diffiren<v  of  ^vnonii.  upoa  the  amount  of  ioni- 

sdii'n  near  iho  plat*  ease  of  ionisation  at  the 

hiiyht  T  uiiiiKT.iiurt  w  s  increase  of  current  when 

thi-  win-  i^Ts  Ki'tifr;  mation  of  this  increase  is 

however  affordeii  by  t  h  the  temiierature. 

When  Thi_'  teuii>ei  plate  is  high  enough  for 

iiipmve   ;vj    well   as  \idst  near  the  plate,  the 

leak  Knwtvii  tht-  hot  me  will  be  greater  when 

the  h.'t  ]il;4io  i;;  the  ne,  an  when  it  is  the  positive: 

iW  in  iho  ti'MuiT  c;ise  the  current  is  c;irried  by  negiitiM-  ions,  in 
ihi'  Ian  or  by  |i.isitive.  and  equation  ( 1 )  shows  that  with  the  same 
(h'ttiitial  dit!vii:-nee  the  current  is  proportional  to  the  velocity  of 
tho  \<m  by  which  it  is  carried.  Now  the  velocity  of  the  negative 
ion  if  always  greater  than  that  of  the  positive,  and  the  ratio  of  the 
\oUiity  of  the  negjilive  to  that  of  the  positive  increases  rapidly 
with  till'  teniivmture:  thus  the  esperiments  of  H.  A.  Wilson  on 
the  leak  through  gjis^es  mixed  with  the  vapours  of  salt  (/.  c.)  show 
that  this  i-.iiio  at  2000  C.  is  about  17  while  at  1000^  C.  it  is  only 
iilx>ut  ■i''i.  At  onlinan-  temperatures  for  the  case  of  ions  drawn 
froui  the  iK-ighlH>urhoi)d  of  the  hot  wire,  M'Clelland's  experiments 
show  that  this  ratio  is  only  about  1'25.  The  great  increase  of 
ciirn-iit  piiniucid  by  changing  the  sign  of  a  very  hot  electrode 
from  +  to  —  is  a  very  well-marked  phenomenon;  one  striking 
example  of  it  is  furnished  by  an  old  experiment  of  HittorfsJ.  In 
this  cxjK'riment  a  bead  of  salt  was  placed  in  a  flame  between 
glowing    electrodes:     the    increase    in    the    current    was    much 

*  M'Clellaud,  Fhil.  Slag.  T.  46,  i>.  29,  1899. 

t  It  mast  be  remeiabeied  that  equation  (I)  only  applies  vhen  the  cnrrenl  is 
Bmall,  BO  that  .V=0  when  z  =  0;  when  the  cnrrent  approaches  saturatioa  j 
rapidly  with  the  amount  of  ionisation  at  the  plate, 

::  Hittorl,  Fogg.  Ann.  Jubelband,  p.  430.  1374. 
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ater  when  the  bead  was  placed  close  to  the  negative  electrode 
n  Tvhen  it  was  placed  near  to  the  positive.  These  results,  it 
St  l>e  remembered,  are  only  true  when  the  currents  are  very 
HI  compared  with  their  saturation  values ;  the  saturation  values 
not  depend  upon  the  velocities  of  the  ions  but  only  upon  the 
iil>er  of  ions  produced  in  unit  time  at  the  surface  of  the  hot 
tal. 

Tlie  velocity  of  an  ion  under  a  constant  electric  force  increases 
the  pressure  of  the  gas  diminishes,  hence  we  see  from  equation 
►  that  the  current  when  small  will  increase  when  the  pressure 
ninishes. 
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113.  A  well-marked  feature  of  the  discharge  from  incandescent 
letals  is  the  very  rapid  increase  of  the  current,  when  this  is  small, 
rith  the  electromotive  force,  an  increase  much  more  rapid  than 
hat  given  by  Ohm's  law.  This  has  frequently  been  observed ;  thus, 
or  example,  Pringsheim*  gives  as  an  empirical  formula  for  the 
rurrent  i  in  terms  of  the  potential  difference  V  for  the  discharge 
between  two  pointed  electrodes  in  a  hot  gas 

7  +  aT^ 


X  = 


w 


wrhere  a  and  w  are  constants.    The  rapid  increase  in  the  current  is 

♦  Pringsheim,  Witd.  Ann,  1?.  p.  507,  1895. 
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well  illustrated  by  the  curve  in  Fig.  44  given  by  H.  A.  Wil 
for  the  case  of  the  current  between  a  hot  platinuio  wire  and  i 
l>latiniim  tube  outside  it;  in  this  curve  the  ordinates  repr 
the  current  and  the  abscissa?  the  potential  differences,  the  i 
for  the  case  when  the  tube  is  negative  illustrates  too  the  '  sa 
tion '  (if  the  current  under  high  electromotive  forces.  This  i 
iucrejise  of  the  current  is  accounted  for  by  equation  (1),  v 
show.s  that  the  current  is  proportional  to  the  square  of 
[wtential  diffe 

The  equati  r,  except  at  very  low  pre*i 

only  hold  whei  ixceedingly  small  fraction  o! 

siituration  cun  it  we  have  assumed  that 


-if 


iiipai 


Nuw  c  is  th  square  of  the  corpuscles  so  I 

if  Uk-  tuuipw-aturt-  oi  uie  „i.>,  [L.^te  is  1000' C.  v'-  wil!  he  .>f 
order  0  x  10'-,  k  is  the  velocity  of  the  ion  through  the  gas  ud 
unit  eiectrostatic  force,  i.e.  300  volts  per  centimeti-e ;  thus  if 
iiir  is  cold  and  at  atmospheric  pressure  k  will  be  about  45  x 
iind  k-  about  2  x  10';  thus  d'jk^  will  be  exceedingly  large,  and 
is  only  when  i  is  very  small  compared  with  /  that  the  al" 
ciiiidition  is  fulfilled. 

The  I'thcr  case  we  shall  consider  is  when 


Sri- (/-•■)' 

rgo  C(iiiii)iii-ed  \ 

...                Smi 

[ii  this  case 

VI 

"^vfcr 

This  equation  shows  that  i  now  increases  less  rapidly  t 
the  potential  difference,  it  approaches  saturation  when  y  k  ia  la 
compared  with  c/VOtt,  i.e.  when  the  electric  field  is  so  strong  t 


*  "  A,  Wilson,  Phil.  Tra 


.  A,  197,  p.  416,  1901, 
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city  given  to  an  ion  by  the  field  is  large  compared  with 

city  of  mean  square  of  a  corpuscle  at  the  temperatui'e  of 

1 1'  >t.  pXate  ;  we  see  from  the  numbers  given  above  that  it  would 

■    a  prodigious  field  to  saturate  the  current  from  a  hot  wire 

^H    a   gas  at  atmospheric  pressure,  in  fact  it  would  be  im- 

I  'It;   to  saturate  the  current  at  all,  for  the  field  required  to  do 

■^neater  than  that  required  to  spark  through  the  gaa, 

fcEmiasion  of  Positive  Electricity  by  Hot  MetaU. 
4.  Hot  metals  emit  positive  as  well  as  negative  electricity. 
\  in  many  cases  until  the  temperature  gets  very  high  the 
i  il  emits  more  positive  than  negative  electricity.  The  emission 
■  isitiv.'  electricity  can  be  detected  at  much  lower  temjjeratures 
ti  that  of  negative.  Stmtt*  has  detected  the  emission  of 
-uive  flectrieity  fi-om  copper  and  silver  wires  at  a  temperatni-e 
-  than  200-  C. 

Th*?  rate  of  emission  of  positive  ions  from  a  hot  wire  depends 
■■'  a  verv'  large  extent  on  the  previoua  history  of  the  wire. 
"n  first  heating  a  wire  it  emits  a  lai^e  quantity  of  positive 
Vtricily,  if  the  wire  is  kept  hot  the  rate  of  emission  rapidly 
(ii-tuvB  imtil  it  falls  to  a  small  fraction  of  its  original  value.  This 
l^n^  initial  leak  cannot  be  due  to  dirt  on  the  surface  of  the  wii-e 
tiT  it  occurs  with  platinum  wires  which  have  been  boiled  in  nitric 
'™l  It  is  not  confined  to  metals,  for  Oweu+  has  shown  that  it  is 
*fll  marked  in  a  Nemst  filament ;  he  found  that  the  filament 
■"ft^r  hrating  did  not  recover  its  power  of  giving  a  large  initial 
'■"*»  after  exposure  to  air  at  atmospheric  pressure  for  several  days. 

*  evidence  as  to  the  recovery  of  such  a  leak  in  platinum  wires 

*  eipusure  to  air  is  somewhat  conHicting.  as  H.  A.  Wilson  and 
.  who  have  each  made  important  investigations  on  the 

■  fritm  hot  wires,  have  arrived  at  opposite  conclusions.     Wilson 

»iii(t  that  a  short  exposure  to  air  is  sufficient  to  restore  the 

'  leak,  while  Richardson  attributed  the  increase  which  he 

■itiixl  not  to  the  air  but  to  the  accidental  presence  of  a  complex 

piiir,  probably  that  of  phosphorus,  as  he  has  foundj  that  the 

I  platinum  wij-e  to  a  small  quantity  of  phosphorus 

Knff  «  time  produce  an  enormous  increase  in  the  (^xwitive  h-ak 

^  Ac  wire. 

*  StrutI,  Fhil.  31ag.  6.  4,  p.  98, 1002. 
t  Owen,  Pha.  3l,iii.  «.  8,  p.  280.  1904. 
:  KidiktdBOu,  Pkil.  Mag.  li.  ft,  p.  <07.  IftOS. 


214  lOSISATIOS   BY   INCAS DESCENT  SOLIDS.  [TIU 

Richartisou  iTound  that  a  wire  which  had  been  strongly  heattd 
could  be  kept  in  a  vacuum  for  wore  than  three  weeks  witimit 
any  recoven,"  of  its  power  to  give  a  large  i>ositive  leak.  It  ffouM 
be  of  great  interest  to  see  if  any  recovery'  took  place  after  a  rat 
in  a  vacuum  of  much  longer  duration,  and  so  determine  whetber 
the  large  initial  leak  is  due  to  some  foreign  matter  absdrbedby 
the  wire  m-  whether,  like  the  emanation  from  a  radio-active 
substance,  it  arises  from  something  produced  by  the  metal  itsell 
which  gnuiually  \'ire. 

Richardson  h  eresting  discovery*  thntwhw 

a  wire  has  by  J  sr  of  giving  a  lai^  positiri 

leak,  it  can  regi  ng  made  the  cathode  for  ihi 

electric  discharge  >w  pressure,  or  even  by  bcinj 

placed  near  sud  e  latter  case  the  recovery  o 

this  power  does  n  obstacle  is  placed  betweei 

tiie  cathwle  and  inot  tell  without  further  ex 

periments  whethi  due  to  the  bombardmait  ( 

the  wire  by  corpuscies  or  pu,-...j. ..  ,„..s.  or  to  some  matter  depasiW 
on  the  wii-e  by  the  discharge ;  this  point  could  be  tested  by  placin 
the  wire  in  a  stream  of  cathode  rays  in  a  highly  exhausted  tub 
ai-ranged  so  that  none  of  the  metal  torn  off  from  the  cathode  ca 
reach  the  wire. 

It  is  important  to  settle  this  point  because  some  substanc* 
after  uxpusure  to  cathode  rays  show  what  is  known  as  thenu' 
huiiinescence,  which  is  in  some  respects  analogous  to  the  behavio' 
iif  the  wire.  The  substances  showing  thermo-Iuminescence  wht 
heated  after  exposure  to  cathode  rays  become  luminous,  as  tl 
heating  continues  the  luminosity  gradually  fivdes  away  and  final 
disappears,  and  does  not  recur  until  the  substance  has  been  »g^ 
exposed  ti^i  cathode  rays.  The  luminosity  of  these  substances  th 
allows  analogies  with  the  leak  of  positive  electricity  from  hot  «'i 

The  small  pennanent  leak  which  remains  after  the  tempore 
one  has  been  eliminated  by  preliminary  heating  increases  rapi' 
with  the  tem])erature,  and  can  like  the  negative  leak  be  rep 

sentod  by  an  o.tprossion  of  the  tj-pe  ff^e~  ^.  It  does  not  howe 
increase  so  rapidly  with  the  temperature  as  the  negative  \e 
sij  that  at  high  temperatures  the  latter  is  much  the  nii 
prominent. 

*  RichaidsoD,  Phil.  Mag.  6.  8,  p.  400,  190J. 
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|The  Jacts  jiisi  nivnt.iMiifd  suggest  that  the  gas  absorbed  by  tie" 
mum  and  slowly  given  off  when  heated  plays  an  impijrtant 
1  the  carriage  of  the  electricity  from  the  wire,  and  we  can 
y  anderstand  how  this  gas,  coming  straight  from  the  iiii<lst  of 
(i  eondtictor,  would  be  ionised  and  able  to  carrj'  the  current, 
of  absorbed  gas  from  the  plntinum  ia  however, 
iag  to  Berliner*,  closely  connected  with  the  disintegration 
J  platinum  wire  which  takes  place  when  the  wire  is  kept 
wiug  and  which  is  made  evident  by  a  deposit  of  platinum  or 
T^iinum  oxide  on  the  walls  of  the  tube  and  a  diminution  in  the 
fl'-'ightof  the  hot  wire:  the  carriers  of  the  electricity  might  thus 
be  ihu  dust  or  vapour  of  platinum  escaping  from  the  wire.  This 
'iisinlf^gration  of  the  platinum  has  been  studied  by  Berliner", 
Eli-Utr  and  Geitelt,  Nahrwold*  and  Stewart|:  who  have  shown 

(1)  That  the  amount  of  disintegration  produced  in  a  given 
■itut  by  the  incandescence  of  a  platinum  wire  diminishes  after 
proliinged  heating. 

(2)  That  the  amount  of  this  disintegration  is  very  much 
iiicTMaod  by  the  presence  of  oxygen.  It  is  exceedingly  small  in 
iiilrogen  and  hydrogen ;  indeed,  some  of  the  experiments  suggest 
'.hut  ihere  would  Xto  no  disintegration  of  a  glowing  platinum  wire 
''"  ihpse  gases  if  every  trace  of  oxygen  could  be  removed  front 
'Iwm.  We  may  suppose  that  where  oxygen  is  present  slight- 
"siiiatiim  takes  place,  producing  a  weathering  of  the  surface 
"liich  Militates  the  disintegration  of  the  metal. 

TliL-  disintegration  of  the  platinum  can  be  easily  shown  by 
tli"-  effect  of  the  incandescence  of  the  wire  on  the  condensation 
"f  clouds  in  the  air  in  its  neighbourhood-     We  owe  this  method 
lken||.     One  simple  way  of  showing  this  effect  is  to  have 
e  platinum  wire  fused  in  the  expansion  chamber  in  the  cloud 
iTatus  (Fig.  36).     If  the  air  be  made  dust-free  when  the  wire 
I.  then  on  sending  a  current  through  the  wire  so  as  to  raise 
to  II  n-d  heat  and  then  letting  it  cool,  a  dense  cloud  is  pnKluced 
I  VB[y  small  expansion ;  as  this  expansion  is  much  smaller  than 
Btzcquired  to  produce  a  cloud  on  ions,  thei-e  must  be  pa3-ticles 
■  Berliner.  tVitil.  dxn.  uiiii,  p.  289,  1888  ;  «s».  p.  791.  1*188. 
t  KUl«r  ami  Geitel,  n'ifd.  Ann.  >xu,  p.  109.  1887. 
;  Sfthrwold,  Wild.  Ann.  wii.  p.  418,  18S7 ;  xisv.  p.  107,  1888. 
,  f  All.  Mag.  ilviii.  p.  481, 18HU. 

;.  Edin.  in.  p,  S3 7. 


'*r —    -^'  -•::-* -t-.--=-^rti*jtj«l  ot  the  wire. 

f  ;..  --  T.-:  ..'-:  .-.  '  rr."  'r/L7-rr:..j  o.-siii»fil  an.  incneas^:  i^*  tem- 
P' ■'•* '•'•■  ■••■'•'•  •""  •''•^-^-  *-'.'.*  rri.'iir-r-i  ~. .  pr'>laef  Imninij^itT  i$ 
.  .r.  ' ..  r.-  •.,  [,r  y]  .■>:  --  ^  .■•:':.  T'r.>  -i^p-rn*!--  appiarently  u{K.n  din 
'.f  /;,',.  r.r*:  ':»|/'/T.v.-<i  -r.  -.nr:  Tir^.  an<i  Airken's?  exfit'riments 
r.'.  ■  *^.'«'  -ni-  *:ri^■^•*.  '^iis^ipji^Arv  vrnrn  :h»:-  wire  hiis  been  cleaned 
\i.  i'./»;^  ">rt'iri:i*:'i  inciind^.-^rnc^- :  nvi  ;\ra«:iiint  rtf  incandescence 
•'**\\i-  li'iA ♦:•.♦•[■  t'»  'l»-srnjy  y\\.K  ci-vid  when  tho  temperature  of 
rli<-  }»l;tMjiinii  .'.  ip:  i-  rni.-ed  to  that  corre»p«jndinz  to  a  red  heat. 
Mr  Ov.^ji*.  \\\vt  h;i.-!  Pr'^r'rntly  made  exj>trriments  in  the  Cavendbh 
l,.iliof;iiorv  on  t.his  |>«;irit,.  find.s  that  when  the  jilatinum  wireisin 
till  'ii  o<y;;'ri  tli»;nr  is,  «:v*;n  after  long-continued  incandescence  of 

I  In-  wmr.  ;ilvv;iys  a  rloiirl  wht-ii  the  teraj>erature  of  the  wire  is  raised 
Iff  iilMiiit  :{()()  (',  In  \\\\\'M  hydrogt-n  however  the  wire  has  to  be 
nil  ■.««l  riijirlv  to  :i  n-rj  lii-al  l>fff>re  this  cloud  is  formed. 

1 1 B.     TIh  r<-  is  a  dosr  similarity  between  the  laws  of  disintegra- 
hull  III  iIm'  win-  ;iii<l  those  of  the  h.*ak  of  j)ositive  electricity  from i^- 
W'l-  li»i\r  jilniKJy  ;illiid<Ml  to  the  effect  of  long-continued  heati^^g 
Mil  liir  li'MJi  ,  tlir  pn-sriK**'  of  oxYgeu  lias  also  a  very  marked  eflfec^* 
"Til  I' I  I'M  1 1  Ih-  shown  in  a  striking  way  by  observing  the  pressU-^ 
til    wiiuh  ji   |ilatr   in  the  nrighl)ourhoiMl  of  the   hot  wire  begi^ 
In  iiriimir  M   iM'i^jitive  instead  of  a  positive  charge.     If  the  wi^*^ 
Im<  Milt   too  iiot.  tJH'n  at.  high  j)ressures  the  plate  will  be  chargt^ 
pii'iiiiM'lv  ;  on  exhaiisting  the  vessel  a  point  will  be  reached  wher*' 
tlir  poMiii\r  fliargr  begins  to  dirrrase,  then  it  vanishes  and  finally- 

II  ii'pLu'rd  l»\  a  negative  eharge.  This  change  in  the  sign  of  thc^ 
rliiiim'  on  ihr  platr  oiMMii-s  at  nuieh  higher  pivssures  in  hydrogen 
ant  I  nilioiien  tlian  in  owi^en.  wheiv  this  reversal  is  difficult  to 
tililam  unless  ilie  wii-e  lu'  \ery  hot.  When  the  reversal  of  sign 
haM  been  obtained  in  liwlrovjeu  or  nitroijen  the  addition  of  a 
HuipMNin>;l\  small  nuautitv  of  oxygen  is  suttieient  to  make  the 
elunm'  on  the  plate  p^vsitive  again.     It   is  jn^ssible  that  psirt  of 

I  lie  dmumttton  in  the  i>»viitive  leak  pn^luced  by  long-ci>ntinue<l 
heiihng  at  low  pivj*suivs  may  Iv  due  to  the  burning  up  of  the 
»»\\^eu,  »»r  \\lu*n  theiv  is  an\  givase  pivs«.nit  to  the  replacement 
*»f  o\\k:eu  b\  the  \aiKnirs  of  IwdiwarU^U;!  Iilvr:\ti.\l  bv  the  eon- 
IIUUOUn  healing.  The  inoivase  iu  the  positive  eUvtrifioation 
|UXHlue\«\l  b\  K»\xgen  is  easiU  explained  if  rher^^  i<  any  osi«Uiti»"«n 
\yK  the  luetiil  Hi  »  i\^l   beat ;   ti»r  in   the   i^xide   thus  fonueil   the 
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■a  iht  negative,  the  uit-tal  the  positive  charge;  thus 
[the  oxygen  in  the  neighbourhood  of  the  platinmu  wire  got 
by  iJie  heat,  the  platinum  by  combining  with  the  negative 
not  with  th«  positive  oxygen  ions  would  leave  an  excess  of 
itive  ions  in  the  neighbourhood.  Thai  chemical  action  has 
sidemble  eflect  un  the  electrification  is  confinned  by  the 
ration  of  Branly  that  the  oxides  of  metals  give  off  at  a  dull 
iwl  beat  negative  electricity,  whereas  metals  give  off  positive :  in 
tile  owe  of  the  oxides  the  chemical  action  which  takes  place  is  the 
dissociation  of  the  oxide  into  the  metal  and  oxygen,  the  oxygen 
iwa  carrying  the  negative  charge  and  thus  producing  negative 
tl«trifiaition  round  the  wire.  A  similar  explanation  applies  to 
the  folluwing  result  which  I  observed  with  the  arc  discharge: 
whun  the  arc  passed  between  terminals  of  bright  copper  there 
*«  an  excess  of  positive  electricity  in  the  gas  round  the  ter- 
oiiiaU;  if  however  the  terminals  were  thickly  coated  with  oxide 
•lul  placed  in  hydrogen  the  electrification  in  the  gas  was  negative 
"itii  the  oxide  was  reduced ;  when  this  had  been  accomplished 
the  electrification  became  positive. 

116.  A  very  small  amount  of  chemical  action  is  sufficient  to 
I  Tmlncf  very  intense  electrification,  so  that  it  might  be  urged  that 
^  vain  the  beat  attainable  v'acuum  thereissufficient  gas  to  produce 
^iu  electrification ;  that  this  positive  electrification  occurs  in  very 
is  certain;  in  a  vacuum  so  good  that  it  was  hardly 
iblc  to  get  any  discharge  through  it  with  an  induction  coil 
^King  an  8-inch  spark,  I  have  got  the  positive  electrification 
frma  a  red-hot  platinum  wire  which  had  been  kept  glowing  at 
"  TiiQch  higher  temperature  8  hours  a  day  for  a  week.  Stronger 
evidence  that  the  positive  electrification  is  not  due  entirely  to 
•^liemiad  action  on  the  wire  is  afforded  by  a  determination  of  the 
^ore  of  the  carriers  of  this  charge ;  if  the  charge  arose  fi-om 
■Clinical  action  we  should  expect  the  carriers  to  be  the  atoms 
^  Biolecnh-s  of  the  gas.  The  following  experiments  show  that 
lilhough  there  are  a  few  cariiers  of  this  character  the  majority 
"tlieni  art-  mnch  larger  and  are  probably  molecules,  or  even 
of  platinum.  The  method  used  to  determine  the 
the  carriers  was  the  same  as  that  used  (see  p.  135)  to 
the  ntass  of  the  negative  earners  at  high  temperatures, 
'ver  as  the  mi^s  of  the  positive  carriera  turns  c 
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to  be  enormously  greater  thau  that  of  the  negative  ones,  it  is 
necessarj-  in  ili-alinj;  with  the  positive  leak  to  employ  veiy  mTicli 
greater  magin?tic  forces  than  those  used  in  the  previous  ex- 
periments, and  this  involves  some  modifications  in  the  conditions 
of  the  ex|)eriiiifiit.     The  Rrrangement  used  is  shown  in  Fig, 


C         3 


A  is  an  insiihtfd  iiiftal  plate  placed  in  the  middle  of  a  bntS 
tube  about  5  mm.  in  diameter;  this  plate  is  connected  with  a 
quadrant  electrometer.  B  is  a  piece  of  platinum  foil  parallel  to 
the  plate  and  about  3  mm.  from  it ;  this  foil  can  be  raised  to 
inciindoscence  by  an  alternating  electric  current  passing  through 
the  leads  C,  D.  The  current  was  produced  by  making  the  circuit 
connecting  these  leads  loop  round  a  transformer.  By  this  method 
the  hot  wire  and  its  leads  could  be  easily  insulated;  the  hot  wire 
and  the  brass  tube  were  connected  with  one  terminal  of  a  battery 
of  sniali  storage  cells,  the  other  terminal  of  which  was  connected 
with  the  earth.  The  current  tci  the  plate  j1  from  the  hot  wire  was 
measured  by  the  deflection  produced  in  the  electrometer  in  a  given 
time :  this  deflection  was  measured  for  various  potentials  of  the  hot 
wiiv,  with  the  magnetic  field  both  <:in  and  off;  the  highest  jxitential 
at  which  a  given  magnetic  field  produces  an  appreciable  diminu- 
tion gives,  as  is  explained  in  Art.  67,  the  means  of  determining 
MB— the  ratio  of  the  mass  of  the  carrier  to  its  charge.  In  the 
investigation  of  Art.  55  it  was  assuuied  that  the  electric  force 
was  uniform  in  the  region  in  which  the  ions  were  moving:  in  the 
ease  of  the  hot  wire  thei-e  are  so  many  ions  all  of  one  sign 
carrying  the  cun-ent  that  they  disturb  the  potential  gradient 
and  make  the  force  vary  from  point  to  point.     We  can  easily 
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prove  hoveever  that  this  inequality  in  the  electric  field  will  not 
impair  the  validity  of  the  method.     If  the  field  is  not  uniform 
the    pathB   of  the  ions  will  not  be  cycloids;    the  ions  however, 
"whetlier    the   field  is   uniform   or  not,  after  receding  a  certain 
distance  d  firom  their  source,  will  be  turned  round  by  the  mag- 
netic  force  and  begin  to  move  back,  thus  they  will  never  get 
further  than  d  away  from  the  source.     Now  if  the  plate  on  which 
the  ions  are  received  is  at  a  distance  greater  than  d  from  the  hot 
metal  which  is  the  source  of  the  ions,  the  magnetic  field  will 
produce  a  diminution  in  the  current  flowing  into  the  plate,  while 
if  the  distance  is  less  than  d,  the  magnetic  field  will  produce  no 
diminution   in   the   leak.     This  critical   distance   d  can   be  de- 
termined by  comparing  the  currents  with  the  magnetic  field  on 
and  oflF:    it  is  evidently  the  distance  from  the  source  at  which 
the  velocity  of  the  ion  parallel  to   the  electric  force  vanishes. 
If  X  is  the  distance  of  an  ion  from  the  hot  plate,  X  the  electric 
force  acting  on  the  ion,  H  the  magnetic  force  supposed  to  be 
uniform  and  parallel  to  the  axis  of  z,  then  we  have 

"•j'=^«+*i (»• 

•»S-*S (^) 

or  m  —  =  -  Hexy 

at 

dy  dy 

since  -j|7  =  0,   when   ^  =  0;    substituting  this   value   for   -^   in 


equation  (1)  we  get 


d^x     FV         ^ 
7?i  -J-  H X  =  Xe, 


Integrating  with  respect  to  x  from  a?  =  0  to  a;  =  d,  we  have,  since 
d^xjit  vanishes  both  when  a?  =  0  and  when  x  =  dy 

* =  e  I    Xdx : 

^     m  Jo 

"  J^is  the  difference  of  potential  between  the  plates  V  =  |     Xdu- ; 


hence  i  :^  d^  =  7 

m 

e_2V 


m~ H^d?  ^^^• 

"M  thus  even  when  the  field  is  not  uniform  e/m  is  given  by  tb 
*>iiie  eqaataon  as  in  Art.  67. 
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were  the  same  as  the  charge  on  a  hydrogen  ion.  then  'i^^^l 
irotild  be  respectively  about  170  and  14  times  the  inaas  <^^^| 
rogen  atom ;  these  are  limiting  values  of  e/m,  there  are  alfl^^^| 
diate  vjilaes.     These  results  indicate  that  the  electricity  i^^^| 
both  by  atoms  of  the  metal  (in  this  case  platinum)  and  (^^^^ 

the  former  predominating.     The  fact  that  in  certain  cases           1 
!  of  leak  is  not  affected  by  the  magnetic  force  even  when 
mtjal  difference  is  reduced  to  ime  volt  or  less  shows  that  in^^J 
ises  the  carriers  have  much  larger  mass  than  the  molecuI^^^H 
lum,  chey  are  probably  platinum  dusl,                                   ^^H 
berford*  from   experiments  on   the  velocity  of  the  ioiu^^^H 
,  air  at  atmospheric  pressure  also  came  to  the  conclusion^^^H 
iriers  v(  very  different  kinds  were  at  work  in  canying  th^^^| 

electricity  from  a  hot  metal.                                                  ^^^| 
ngh  the  effect  of  the  magnetic  field  on  the  rate  of  leai^^^^ 
ies  when  the  potential  difference  is  increased  and  at  on^^^^| 
isappears,  yet  on  still  further  increasing  the  potential  >^^H 

reached  where  the  magnetic  force  again  produces  a  very^^H 
nble  diminution  in  the  rate  of  leak.     This  etage  is  ciosely^^H 
ed  with   the  way  in  which  the  rate  of  leak   varies  with^^H 
kl  difference;  if  we  represent  the  rate  of  leak  by  the  ordi-^^H 
!)e  potential  difference  by  the  abscissse  of  a  point  on  a  curve,  ^^M 
;  McClelland  t  has  shown,  the  curve  is  of  the  type  represented  .^^| 

46  showing  three  well-marked  stages:    in  the  Brat  the^^^| 

increases   rapidly  with   the   potential  difference,  in   the^^^f 
the  current  is  saturated  and  is  independent  of  the  potential^^^| 
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1 

0          »          in         leD         m         uo         zw         }3o         M 
Fifi.  46. 

•  Bulherford,  Phyiical  Rtrie-c.  liii.  p.  3^1,  laoi. 
^^frCIeUnnd,  Proe.  Cnmb.  Phil.  Sot.  li.  p.  296,  1902. 

1  if  BtaB  fMlm  ehai^v  tb« 

I:' ''."  p>  c^rcoal  of  thf  plase  ben  -  rxlactor 

:• -::i'~  -hAT^  thi^a  tbr  «pp&ead- c  ri eld  will 

.■  r.-,:-^»Jrtr  axT^tse  the  pKitin!  ch-r^^'-  :^  i^'-  .--'Ddactor; 
r.-T-a,*^  bl.  hrtwwTw,  ime  b>  il»e  n^tud«£ioB  irf  [be  stream  of 
''<  i  'L-'  %ad  not  to  Uk  acoeleiattim  of  the  pg^iire  ones.  If 
.-■'a]  ":be  in  «bicb  liie  lux  pUt«  (Fig.  4o>  is  cootained  is 
,r>  ri'"-t.-r)  with  the  hot  plate  bat  with  the  earth,  then  a  mag- 
fi'id  .«ill  ofWn  iocn^a^  the  rat*-  at  which  the  piate  acquires 
fr.':  'rhargn:  this,  however,  ia  merely  the  diveraion  uf  positive 
■'•II,  th(-  tube  to  the  cold  plate  hy  the  magnetic  field. 

7  W"  ''.iikl  dftermine  the  valne  of  em  for  the  carriers  of 
'ily  \iy  I  he  following  method,  which  does  not  i-equire  the 
jii  (1.(1  i,f  ,1  riiugn'tic  field,  and  which  is  applicable  when  the 
pi  II  iiirni'l  by  ii>n«  of  one  sign  and  when  the  pressure  of 
'.  iu  ur,  |r,w  t.hiit.  wi'  am  neglect  the  resistance  of  the  gns  to 
lih'.n  '.I  lln'  jirnM,  Ix-t  us  consider  the  case  of  a  current 
'■ri  I. Wo  jiJimll''!  |p1jlI.i'.s,  one  of  which  is  the  hot  plate  or  other 
!•('  iipiiN.     Tiiki'  rill-  iixin  of  a:  at  right  angles  to  the  plate,  let 

*  Klxlpr  mid  UalUl,  ll'ied.  Ann.  iiXTiii.  p.  27,  1869. 
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V  be  the  difference  of  potential  between  the  hot  plate  and  a  point 
whose  coordinate  is  x,  p  the  density  of  the  electricity.     Then 


dx" 


^  —  inrp 


.(1). 


If  V  he  the  velocity  of  the  ion  at  a?,  v©  its  velocity  when  starting 
firom  the  plate,  m  its  mass  and  e  its  charge,  then 

im(t;«-VoO=  Ve    (2); 

but  since  all  the  ions  are  of  one  sign,  i  the  current  through  unit 
area  is  equal  to  vp,  hence  from  (1)  and  (2) 


(•••-^)(S)'-»-' <^)^ 


integrating  this  equation  we  have,  if  we  write  X  for  dVjdx, 

e       {         m      ) 

hence  if  -X  is  the  value  at  the  cold  plate,  Xo  that  at  the  hot,  V  the 
potential  difference  between  the  plates,  and  C  the  constant  of 
integration, 

we  have  a'  — JLo*= \\\ 


i 


^  +  -F     -vo 


r/i 


if  X'  and  X^,  %    and  F'  are  corrresponding  values  in  a  second 
experiment  we  have 

«     Ll      "^    ) 

hence  if        (Z«  -  Z,»)/87ri  =  f,     (Z'»-Z„'^)/87rt'  =  r, 


i 


■we  have 


-.?  +  2t-.i:^  =  ?^F, 


7?l 


m 


m 


-'J''  +  2v„^r  =  -V'. 


m 


m 


m 


m 


fr(?-n=2(Fr-F'f) 


(4), 


an  equation  by  which  we  can  determine  e/in  when  we  know 
f,  ^',  F,  and  V\  To  determine  f  and  ^'  we  require  to  know  the 
value  of  X  at  the  two  plates.  This  can  be  done  as  follows :  as 
the  pressure  is  very  low  we  can  produce  by  independent  electrodes 
cathode  rays  in  the  vessel  in.  which  the  leak  is  taking  place ;  if  we 
arrange  these  electrodes  so  as  to  allow  a  small  pencil  of  these  rays 


ATM*  «r  ISC«3CI>C5CE3rT  SOUSfi. 


1  «f  the  nyK.  «v  e 


[nil 
<4)  the  v&lui 


11&  W-  -.^'^  ^,41  ihat  m.  the  beat  ncoa  «v  coo  pnMlao^^ 
—~iJLi  sz-i^  ~LTt'  TBS  tf  positiTe  eleetr 

in:  -.i-r:.  &z  >  zs^y.-n  ntares  negative  ^lectrici 

se-  «rl'.  -i-f  rh>r   -f  rs  ■  ttniiM  Jty  incratsiDg  n 

nr->il7  -w-.ii  tie  ictiq  I  rf  the  positive,  so  thatM 

T;r.-  '---^  ;^aapct»r»  li  jwtly  in  nc«!es  of  t 

r"s:T:v^.     Ti^s  i<.  a  pondve  efcrtricity  wt-  hafj 

:■    -~  :-Z-i;^.-aig  *  net  '^'SF  *"  ^  surface,  j 

i=i'  -iz.:  ':-i--:z^  n^join  K  ««it  Begmtive  eleccrieit| 

^~-^::  :be  iL.'cajMleme  fMJfri  hy  gu  at  an  •{'F^jm 

::.i':'T  ire»-Jv  »'r  fiL_  &»  of  the  gitt  has  a  veiTi 

:>:.::■.■:  -c—r-::  yii«  ibr  aBK-ani  of  leak.  Tht  amhur*  has  ishown 
Tr.>:  cv—?  >.x^h  A5  (be  rapwis  of  iodine  ani  bromioe,  ehlorioe, 
hyi-  •i:,'  .w.  i  £»s.  hydrwiwqpijc  add  gas,  hjnlTOchloric  acid  gaf^ 
:"r.-.  v,i:.  .r^  ,:  ^  :.issTim  iodide.  sail-amiinMiiac,  sodium  chloride, 
ii^tifi:  ;■_:.  .''Lr,:--.  »!;;v-h  art  difi^x'-iait^  by  heat  conduct  elec- 
:r-.L-.:y  r.  ;  -.i;^  ,i  ■iiffTrivm  scale  from  iho^e  which  lite  air, 
>:yir^r-, r.  r  r.i:T"c-T.  <^-  i^'t  ?ufft-r  any  dissociation:  in  the  latter 
.--v-^-  :""-,  ".t-.k  i>  a-.-.  i:TV*:er  than  cv^uH  be  accounted  for  by  the 
t-.;.i-ij-i  ::  :  :  r.?  fr»:u  :he  rIectA*de#.  in  the  fonner  case  it  is  very 
;;.:.-  jT\,-.:<r.  ?h  wir.^  ihs;  ihe  gas  itself  is  ionised. 

Th^  \v\[>.  .-.rs  - :"  ;iiAny  meials  oiwdact  very  well :  of  the  metals  I 
:r-.tii,  siir.-.iii.  |v:iijs:-;in.  th.illiiim.  cadmium,  bismuth.  lead,  alunii- 
ni;:ui.  •.r.-.jnu':':-.;!!!.  tin.  zinc,  silver  and  mercury:  sodium  and 
jv>;i»ssi-,:in  had  thf  hij;ht-st  t-ooductivity :  while  the  conductivity 
i>f  tht>  vajKiurs  of  uitivury.  tin.  thallium,  did  not  seem  any  greater 
th,An  ihiii  ,'i  ,iir:  ^i  ihitt  the  siiiidl  cvioduciivity  actually  ob«er%-ed 
miiiht  have  Kvn  dwo  lo  the  pn^sence  of  air  and  not  to  the  vapour 
I'f  the  metal. 


■  J-  J.  nxmwon,  PkiL  ilaf.  T.  39.  pp.  Sa».  HI.  IfM. 
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The  distr^ntUon  of  potential  near  Olotvivg  Electrodes. 

119.  We  shall  confine  ourselrea  to  the  case  when  the  current 
i  between  two  parallel  plane  electrodes.  If  one  of  these  be 
hot  and  the  other  cold — too  cold  to  emit  either  positive  or 
negative  ions — the  current  will  be  carried  entirely  by  ions  of 
one  sign,  the  electric  force  will  therefore  increase  continuously 
from  the  hot  plate  to  the  cold  one,  and  (see  p.  207)  the  dia- 
tribation  of  potential  will  be  represented  by  a  curve  similar  to 
(hjit  in  Fig.  47,  the  lower  electrode  being  the  hotter  of  the  two. 


Pig.  47. 

Similar  curves  will  represent  the  distribution  of  potential  when 
both  plates  are  hot  provided  the  temperature  of  the  negative  plate 
is  not  high  enough  for  negative  as  well  as  positive  ions  to  be 
emitted  by  the  plate,  for  it  is  evident  that  in  this  case  the  current 
has   to  be   carried  entirely  by  positive  ions.     The  shape  of  the 


1^ 

pprr 

£_ 

2 

\ 

\ 

C 

V 

1 

^ 

^ 

:. 

Fig.  48. 

curve  will  change  when  both  plates  are  hot  enough  to  emit  ions 

and  the  negative  so  hot  that  negative  as  well  as  positive  ions  are 

T.  o.  15 
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.  I, Ml  till.  Kor.  wIm-m  Uh;  fiflfl  is  strong  iii.«fit  ..f  rh^  j-.-shivp  ions 
will  lir  driven  iroiii  \]\i,  jH^sitivr  plate  and  tho  ne^ativ^  ioru*  foni 
till-  FM^iitivr  pliitc;  thrn-  will  bo  an  exco.ss  of  fH>siri\>-  i..nsatthe 
iii|^nlivr  |)|jil.<'.  HO  that;  in  its  nf^ighbourhorxl  thiir  fK»tvnrial  curve 
will  III'  cniicnvr,  and  an  (^xct'ss  of  negative  ion.s  at  the  TKjsitive. 
wliirji  will  niakr  the  |)ot,ential  curve  convex.  The  p«j  ten  rial  curve 
will  Ih-  hlxf  Ihr  hight-r  curvf  in  Fig.  48.  the  straight  j>art  in  the 
iMi(l<llr  f.Jnjwing  that.  I'xcrjjt.  close  to  the  plates  there  are  approsi- 
iimirly  rcjiijil  mimii1m'i*s  of  positive  and  negative  i«;ins  present 
rniNrs  f.nml.ir  l«»  this  havr  been  obtained  by  H.  A.  \Vils<»n*  and 
Mmiv'.  "  '        ^  1 

Whrn  ihf'  lh»t  philcs  arr  made  i»f  different  materials,  Pettinelli 
Mild  Mill  oil  i  J  haxr  slu»\vn  that  the  magnitude  of  the  current 
ill  piiuJN  upon  which  mcial  is  used  as  the  cathode,  thus  with 
rhriiodfs  oi  rarbt»n  ai\d  in»i\  the  cuirent  when  the  carbon  was 
TMihotlr  was  thirr  or  tour  times  the  current  when  the  ip>n 
\\;i'.  i-aihodo.  {\w\  state  thai  tlie  current  is  greatest  when  the 
iMoi*'  poio\is  s\»bstanc«'  is  usihI  as  the  cathinle.  These  effects  are 
uiurh  www  u»aikrd  at  high  than  at  low  tempen\tures:  it  is])n">- 
bibh'  ihat  ihi*\  do  u\«t  commence  until  the  temperature  is  hi^b 
ouon>:h   to  pi\»duco  uci^nliNe  ions. 

IU1>      rhc  dM\civiuv  in  the   \eKK*ities  of  the   ions   produces 

\\^i\  maiked  uiupolar  clVeo:s  in  the  c\irivnt.  i.e.  the  current  ^vith 

\\w  **u«e  eKvli\^nu»tnc  t"o*ve  :s  \crv  much  givater  in  one  directu»n 

ihnM  \\\\^  \^\s\s>^\w .  uo  c^r.  xcrx  cas:*.y  see  the  n.»asi>n  tor  this,  for 

Hikv  \\\\^  \\^y^'  \\\w\v  ov/.\   ^^:u'   c*tv:r^\ie  is  hoi  immgh  to  emit 

i\\|\ii,  tWw  XX e  Mv   f:\>'.r.  *\:v,.,:-..r.  .t!\  p.  :!0x^  that   the  current 

in  JMM|H\Ulo^^r;  ;\*  ihx'  xv\v-;\  •.•.y,.;v:  v.:*.::  :or^v  o:'  :he  ion  earning 

lUx^oimv^M       \^  ;*^*  xx'\v.:\  «•  \':\c  v.ic^:\\i   :.:;  :>  ^n^eater  than 

*Hh»  *xf  ^ho  jsvx*.v,x,'  :h^'  »-.;*.v.  v.:  >*:  '  Iv  ^rt:*,:<r  xxhen  i:  is  carried 

tW  U^^Ux\^  ^v.'.*  ^V.^-^v,  \*>,  V.  ■;  •>  .v.rrv.'.:  Vv  :r.i  p.«sinve.    It 

nt  W  \vm\*«^iv'A\i  ;\^.   .  '«    *"'^.        t  :-;    .:'.,\::::<    .i  the  ions 

^^^hssi  Vx  <*u  *,^v>A^N^»vv. vv. .  v...  ,.\   /.. -.k -.•.•.>  "k;rv  *.\r4:-:'.v  r.ivn  the 

•     ■      * 

l^^^^^^^nn\^      V\  ^'^  V  v'  ^    s:  ."^s  ^»    .     .  . .  >  :r:v'.  :>.;  r.i::    :r.  air  at 
^  ^^*\^^VVAV>  KV/.xv  ■'4.   '\    ,     .     .'^   "      ■  ;:   :n-;:.  V'  *••::  :r  n;  :hv 

iNt4^.  1^^  V<i^*  '      ....  -7.  ".St.   :S;r-. 


\ 


N.  \      :       ■  *  V»'-. 
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incandesc^eiit    vrire  to  the  place  of  observation),  found  that   the 

velocity  of  the  negative  ions  was  only  about  25  per  cent,  greater 

than  that  of  the  positive;  while  H.  A.  Wilson*,  who  measured  this 

ratio  for  the  ions  produced  when  salts  were  volatilised  in  flames 

at  high    temperatures  or  in  hot  air,  found  that  at  1000°  C.  the 

velocity  of  the  negative  ion  was  for  the  salts  of  the  alkali  metals  3*6 

and  for  those  of  the  alkali  earths  seven  times  that  of  the  positive. 

At  20OO°  C.  the  velocity  of  the  negative  ions  for  the  alkali  metals 

was  seventeen   times  that  of  the  positive.     The  absolute  values 

were  still  more  different;  thus  M^lelland  found  for  the  velocity 

under  a   potential  gradient  of  a  volt  per  cm.  values  ranging  from 

•006  cm./sec.     to    "03  cm./8ec.,  while  Wilson   at   1000°  C.   found 

26  cm./8ec.   for  the  negative,  and  7*2  cm./sec.  for  the  positive ;  at 

2000"*  C.  the  values  were  respectively  1030  cm./sec.  and  62  cm./sec. 


H.  A.  Wilson,  Phil  Trans.  A,  192,  p.  499,  1899. 


\^-^% 


OOAiTER  IX. 

now  FLAltBS. 


ftbatgsm 
Qi  •f:t-Tii-~  b>   3  OK:  a  wcO-^nmni  ij^it*- 

c    c  rr^  iiL--^—  KUmAj  from  th«  sxniue  uT 

L- 1-.~  cirufT  c  ij  w  it — «as  med  hv  Volta  in 

■  '  x-.'t^^n.'T^--  4  in.    We  ikall  not  fttWmpt 


■  expcnmenlB  were  geaaiHj 
■-..■i    .'fT-uried  is  a]«a_v¥  es- 
;h-r   rcAwn  of  this  is 
,'  -Dditicos  of  iht'  flam* 
--.-  ljv  incandvscent  aod  »" 
k  in  tfae  fiftme  the  T^ 
:-  ^t-i.-a:.'-'  :5-.-rr?  «>e  laiv  betes  ducoH^  in  the  last  ch&ptcr. 

r  :  ^  r..-,  v.jt.iZ'.'^  i»r»v  D\tn  it  and  have  been  cooled  by  'iw 
?"~,  "".S'liz^  ,i:7.  ;•***:«>  tof  ^idie  nme  considerable  conducti*^"' 
:u:'  ■=■."!  i:s.-hArir--  si:  irij^aied  cooducu^  placed  within  tb^^ 
r..,^.-;  Tr.-  ."-■:■.: -t-virr  can  be  eniirtlv  taken  out  of  the  ga9  ' 
i:iik;:i;  ;:  ui^-i  rr.rv.irii  a  sux^ng  elecrric  field,  this  field  abatf*^ 
■-1---  :  y.j  rr  :i:  :he  £:»*,  driving;  ibem  a^;ain$i  the  electrodes  so  t^ 
wheL  :hir  pi?  vnic-n?;*  fr\--ni  the  field,  although  its  chemical  C''"* 
I>>-i:i..a  i?  unaherx-d.  its  (vmducting  power  is  gone.  This  re^ 
show^   f-    thai    no    uncharged    radio-active   substances,  such  ■, 

enianati-  tb.m  ih.'riuni  iind  some  other  substances,  are  produ*^  . 
in  the  (lame :  these  would  not  be  taken  out  by  the  field,  so  th»*=  ' 
thtj-  existed  the  conductiritr  of  the  gas  would  not  be  destroj'^ 
by  the  field.  If  not  driven  out  of  the  gas  by  an  electric  field  fc*^* 
ions  are   fairly   long   lived.     Thus   in    some   experiments   Gi£^ 
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that  the  gas  retained  a)>preci»ble  conductivity  fi  or  7 
1  after  it  had  left  the  flame.  The  ions  stick  to  any  dust 
lay  be  in  the  air  and  then  move  very  slowly  ro  that  their 
recombination  becomes  exceedingly  slow.  McClelland*  has 
that  the  velocity  of  the  ions  under  a  given  electric  force 
ea  very  much  as  they  recede  from  the  flame ;  thus  close  to 
nae  the  velocity  under  the  force  of  a  volt  per  centimetre 
J  cm.j'sec.,  while  some  distance  away  from  it  the  velocity 
ly  -04  cm./3ec. 

order  that  a  conductor  should  be  discharged  by  a  flame  it 
necessary  that  it  should  be  placed  where  the  gases  from 
me  would  naturally  strike  it — thus  for  example  il  will  be 

llged  if  placed  underneath  a  Bunsen  fiame.  The  explanation 
I  is  that  the  electric  field  due  to  the  charged  conductor 
out  of  the  flame  and  up  to  the  conductor  ions  of  ojtposite 

9  the  charge. 

ionised  gas  is  produced  by  flames  of  coal  gas  whether 

I  or  not,  by  the  oxy-hydrogen  flame,  by  the  alcohol  flame 

it  lamp,  by  a  flame  of  carbonic  oxide ;  it  is  not  however 

in  very  low  temperature  flames  such  as  the  pale  lambent 

of  ether.    Thus  to  produce  the  ionised  gas  high  temperature 

as  chemical  combination  is  required.     That  chemical  com- 

i  alone  is  insufficient  to  produce  ioniaation  is  shown  by  the 

hydrogen  and  chlorine  which  do  not  conduct  even  when 

under   ultra-violet   lightf.     BraunJ   has   shown   that 

explosive  wave  produced  in  the  combination  of  certain 

Jhere  is  ionisation,  but  in  this  case  there  is  also  very  high 

litnre. 

the  coal-gas  flame  the  part  where  the  gas  comes  in  contact 

ihe  air  and  where  there  is  most  combustion  is  positively 

fi.  while   the   intenor  of  the   tianie   is  negatively  elec- 

this    accounts    for    the    eflTect    produced   by   holding  a 

vtt\y  electrified   body  near   the   flame,  the   luminous   part 

J  the  negati\x'  body,  and  if  this  is  near,  stretches  out  until 

*  into  contact  with  it ;  if  the  flame  he  placed  between  two 

H'OlvlUtid,  PMI.  Slag.  t.  16.  p.  SSI,  1B9S. 

J.  i.  Tbonnon,  Pree.  Catab.  Fhil.  Sw.  si.  p.  Wl.  lilOl. 

Bwwi.  ZtiUehn/i  far  Phi/iilailUrhc  Chcmti.  liii.  p.  155,  1804. 


SM 
■nii.sri-7 


r  ^. «  toftm  fcn  »  nwr 


IB-  poctuD  of  the  flj 
■ftde  tbe  inner  por 
plate.  Thisd 
by  Seoreoenf*- 


tr-^ 


i 


of  ^icb  is  figure 
field  b^weec 


i  ..i:.r~  in:-  :r.  -■  ;hi^;s :  :he  rv^er  will  find  many  other  int«re 
t:^x;-rr:r^T-:7'  ti  :r.r  i-ffi?iM  ■M'  An  elt^iric  field  on  the  aha] 
i^^in^vj  :n  :hv  jwj^rj;  by  Newtvneul  ami  Hi^ltz.  It  appears 
tht-ie  rv-su^rs  thai  in  the  bright  jtortion  of  the  tlarne  where  con 
■  K-n  IS  taking  piacv  there  is  an  excess  of  positive  electricity, 
m  the  iiubumt  c.«l  gas  thew  is  an  excess  of  negative,  s 
isouviTtd  a  long  time  ago  by  Pouillet'.  If  the  hydrogei 
.gL-n  were  ionised  by  the  heat,  then  since  negative  io 
'^^igen  combine  with  positive  ions  of  hydrogen  t<t  fonii  wate 


J«euteneDf,  A  nna la  df 
'  ^•"'»i<=l,  Ann.  dt  Chim 


Urn.  tl  dt  Fliyt.  \ 
p.  269,  1881. 
I  dt  Phyi.  HIT. 
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oxygen  iona  and  the  jtositivo  hydrogen  ones  would  get 

p.  and    there  would  be  an  excess  of  positive  electricity  in 

■ygen  and  of  negatixe  in  the  hydrogen.     It  is  possible  too 

emperature  corresponding  to  that  of  rivid  incandescence 

plid  the  molecules  of  a  gas  may  like  those  of  a.  solid  give  out 

ative  corpuscles,  on  this  account  there  would  be  a  tendency 

hotter   parts   of  the   flame   to  be  positively,  the  colder 

tively.    electrified.     When   as   in   luminous   flames  we   have 

11  particles  of  solid  carbon  raised  to  the  temperature  of  vivid 

■  iideacence  the  electrical  effects  are  compUcated  by  those  due 

^acandescent  solids  which  as  we  have  seen  in  the  last  chapter 

rery  considerable. 

iPlien  two  wires  connected  together  through  a  sen-sitive 
anometer  are  placed  in  different  parts  of  the  flame  currents 

through  the  galvanometer;  suppose  one  of  the  wires  is 
ed  in  the  cool  inner  portion  of  the  flame  where  there  is  an 
saa  of  negative  electricity,  while  the  other  wire  is  placed  at 

ontside  of  the  flame  where  there  is  an  excess  of  positive 
rtricity,  there  will,  neglecting  any  ionisation  due  to  the  wnre. 
a  current  from  the  hot  outer  portion  of  the  flame  to  the  cool 
er  portion  through  the  galvanometer:  the  wire  in  the  outer 
lion  will  however  certainly  be  raised  to  incandescence,  if  its 
upecature  keeps  so  low  that  only  positive  iona  are  produced  at 
I  snrfiice.  then  there  will  on  this  account  be  a  current  of 
ectricity  from  the  hot  to  the  cool  part  of  the  flame  through  the 
Kac  and  thos  in  the  opposite  direction  to  the  prenous  current. 
r  however  the  wire  got  so  hot  that  it  emitted  more  negative 

1  positive  iona  the  effect  of  the  incandescence  of  the  wires 
«qU  be  to  increase  instead  of  diminishing  the  current  due  to  the 
We  itselC  Thus  we  see  that  these  currents  will  vary  in  a 
fifiykx  way  with  the  temiieiature.  For  an  account  of  the 
iftntB  which  can  thus  be  tapped  from  a  flame  and  for  other 
"Cteical  properties  of  flames  we  must  refer  the  reader  to  the 
■pm  of    Erman*,   Hankelf,    HittorfJ,   Eraun§.   Herwigl,,   and 

*  Enuftn.  Gilbert.  Ann.  iL  p.  150.  1803;  xiii.  f.  14,  1806. 
t  Buik«1.  I'off.  Jnn.  luii.  p.  213,  1S50 ;  cviii,  p.  1«>,  135'J. 
:  Hitlorf,  l-ogg.  .(art,  cm»i,  p,  107.  imH;  JubalM.  p.  430,  1«74. 
i  Ilr»ini.  Pu9s-  Aim.  oUt.  p.  i81,  IS75. 
il-™i?   W;/((,  Jub.  i.  p.  ol«.  1377. 
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: -   __.:    -        -     ■.  ■.  :.'  t  gasea  was  Au 

^Mi  «■■  4iMnb»ic«l  thnmgfa  the  guei: 
■b  aeoaBt  rf  thrae  reonrcbes  in  Wied^ 
L  n.  B.  <fak.  4. 


r  ^  ibi»i.-kj  tkm^  flames  has  b««a 
.  H.  iL  VHaoD;,  Mflrx§.  Stai^eji, 
ad  Tkfo  wd  StaHt;:.  The  in<st 
t  «f  diBK  tiMpfcrtiBB  are  as  foUowa. 

th  datradti. 


fieU  dcse  u  the  negftti^  I 
the  dectrodes,  the  Se^ 


<..i(-^.  H,,./   .<„.  int  pr,.  1,  236,  51^.  1^^.  iiiriii.  p.  WO,  1889. 

:  H.  A.  Wilson.  Phil.  Trant.  A,  IW.  i99.  IS99;  Pr»f((di«gt  Phyfiirnl  SofUlg. 
^  Man.  Jn„.  j.  /.jj„_  ^  -^^^  ;.^   jt^.   ,._.^^   ^   ^    ^^^^    ^^^   ^   ^^j^  jg^^ 

•-   TT";.:'""-  '''  '^*'""  "  ■*'  ^*»"«"'.  "i-  30-  p.  1.  1903. 
SUrk.  /'Aj,„i.  ^,„^j,   ^,  83    1^ 

ttTnt..PV.*.2«-,«ftr.T.76,I904. 

"  '"''  ^'"1'.  fft?"*.  ^ri(«ftr.  T.  248,  19<M. 
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near  the  positive  electrode  although  not  nearly  so  intense  as  that 
doee  to  the  negative  is  stronger  than  that  at  some  distance  from 
either  electrode.  The  distribution  of  electric  intensity  is  of  the 
type  shown  in  Fig.  51. 

Fig.  52  represents  the  distribution  of  electric  potential  measured 
by  H.  A.  Wilson  between  electrodes  18  cm.  apart  in  a  long  flame 
torn  a  quartz  tube  burner.     The  difference  of  potential  between 
the  electrodes  was  550  volts  and  it  will  be  noticed  that  a  drop  of 
450  volts  occurs  quite  close  to  the  cathode. 
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If  X  is  the  electric  intensity  at  a  point  x,  q  the  amount  of 
lonisation  per  unit  volume,  A*,,  k^  the  velocities  of  the  positive  and 
negative  ions  under  imit  force,  m,  n  the  number  of  positive  and 
^^gative  ions  per  unit  volume,  we  have  by  equation  (7),  p.  86, 


dx" 


d'X-' 


Since  X  is  constant  along  the  flame  -j-^  vanishes,  hence 


dx" 


q  =z  anm. 


Thus  the  ionisation  balances  the  recombination ;  as  recombina- 
^^n  of  the  ions  is  certainly  taking  place  in  the  flame  it  follows  that 
^€re  must  be  ionisation  throughout  the  flame.  In  the  first  edition 
J^' this  book  the  view  was  taken  that  by  far  the  greater  part  of  the 
loiuaation  took  place  in   the   immediate  neighbourhood  of  the 


f^Trni  ».s  mil 


tUva 


~  ]  d[ffereiice»  the 

Wt  «f  tht  -^  ■—-*"*■  between  l}ie  dec- 

oo  Uiis  TMv;  while  aasuuiog  thai  iU 

wat-Me  tA  iBtsnite  the  coirrat  they  ven 

flf  naifatm  ioaUattoD  Uuongliaiit 

tke  ntontion  cnrreat  would  be 

tfae  electrodes.    It  a^ieaa 

s  tlut  erai  when  the  potentiil 

1  E  mak  except  close  V>  ihe 

h  to  osiarstion  (hroBghoat  the 

be  rehiion  between  the  cufteM' 

he  Telociiy  i>f  the  negatire  v*"" 

he  poeitive ;  as  this  is  the  c^ 

rAn.48 

^-  '  • ■<'>• 

h  n  mber  of  c«r>rjH:?cl^  CMiiing  fivtm  unit  niva  of  t ' 
—  n  -I  h  J  y-cT  s«vnd.  J- b  the  distance  from  thecatht?* 
J  wh  n    h    tSectric  intensity  is  X. 

i         n  rvjrv^-nis  a  distnbiition  of  the  electric  intensi 

k  nl  hat  fouDd  io  flames,  ihe  first  tenii  on  d1 

i      i      t    h    e^iiatioD  represents  the  iioifonii  field,  tJ 

1      n       h        tnable   jan  near  the  cathode:   since  k;,  t) 

h    I  ion  under  unit  force,  is  veiy  small  compart 

h        I  *         1  the  negative  ii>n,  we  see  that  unless  ii 

I     1  h     electric  force  at   the  cathode  when  :r  = 

1  I    red  with  that  in  the  tinifonii  part  of  the  field. 

1  h     formula  with  the  rvsiih*  of  H.  A.  Wilson's 

led  to  the  conclusion  that  so  far  from  ther 

"^    f     n  nation  close  to  the  cathode  the  ionisation  i 

I    n    n     h     body  of  the   flame.     Let  us  take  as  a 

I      h        m  represented  by  the  curve  in  Fig.  52.     Here  th 

I  re      n  the     nifonn  part  of  the  field  was  about  8  volt 

th    q  antities  in  equation  (I)  are  supposed  to  b 

in     1    tro  tat  c  units.  8  300.     The  current  between  th 


•  H,  A.  WilBon,  Phil.  Hag.  [6],  10,  p.  476,  ] 
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xles,  which  were  discs  1  cm.  in  diameter,  was  270  x  8-8  x  10  • 
f,  BO  that  the  current  per  unit  area  in  electrostatic  miit§ 

X  270  X  8-8  X  3.     Thus  we  have 

J_  =  {A)*  I*  270x8-8x3. 
300     V[t»T 

M  ^*A  -       ^ 

\.qe>)  k;     +x  27x10* 


*  values  of  t  and  a/q^,  we  find  that  this  is  equal  to  - — t ^■ 

N™  Wilson  has  shown  that  the  velocity  of  the  negative  ion 

eta  force  of  a  volt  per  centimetre  is  about  1000  cm./sec. ;  k,  is 

8  velocity  under  unit  electrostatic  force,  i.e.  300  volts  per  centi- 

_      e>  i.«.  it,  ie  about  3  x  10°.     Substituting  this  value  for  A-,  we 

W  that  the  exponential  term  is  e~'"°*,  with  this  value  of  the 

' ■'puntDtifll  term  the  field  would   become  practically  uniform  at 

^1^  distance  not  exceeding  a  very  small  fraction  of  a  millimetre  from 

^■fe^  cathode.     An  inspection  of  Fig.  52  shows  that  the  variable 

^^ptof  the  field  extends  to  quite  1  cm.  from  the  cathode,  a  result 

BRote  inconsistent  with  its  representation  by  the  term  €~'"".     We 

■""f  iiSBumed  that  the   7  occurring  in  the  exponential  term  is 

'■'|!ial  to  that  in  the  constant  tenn,  if  however  the  ionisation  is 

I  from    point  to  point   this  will  not  be  the  case,  the  q 

ing  in  the  exponential  term  refers  to  the  ionisation  near 

fc  cathode,  if  this  is  less  than  the  q  in  the  body  of  the  flame 

I  index  of   the  exponential  term  will  be  less  than  the  value 

I  We  calculated.     Now  the  electrode  will  conduct  heat  from 

i  flamu  and  will   therefore  cool  it.     The  process  of  ionisation 

^iiwever  analogous  to  the  dissociation  of  a  diatomic  gas  into 

i,  and  the  expression  for   the  amount   of  this  dissociation 

lauoB  a  factor  e  '  where  d  is  the  absolute  tempemtin-e,  so 
It  this  fiictor  varies  very  rapidly  nith  the  temjjerature.  Thus 
JhDp&ratively  slight  cooling  of  the  gas  near  the  cathode  would 
Knoa  a  great  diminution  in  5.  tliis  diminution  iiv  (^  WQulii 


V 


r{^)'     » 
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diminish  the  index  in  the  exponential  term  in  equation  (1) 
thus  increase  the  thickness  of  the  variable  [>art  of  the  eit«trie 
field. 

We  have  seen  on  jKige  97  that  eipation  (1)  leads  to  tie 
following  relatitin  between  1''  the  potential  difference  between  the 
plates,  t  the  current  through  unit  area  and  I  the  distance  betwsn 

the  electrodefii 

ilfaH     iVUi^J^J_ 
»      Sir 

When  I'o  is  fim  this  equation  becomee 

»c^)' ■"> 

The  first  temi  re  f  potential  in  the  body  "^l 

the  flame,  this  is  a  cnirent;   the  second  ten" 

represents  the  dro^,  cathode,  this  is  proportioO^l 

to  the  squan.'  of  ti  Wilson  has  shown  that  tt>* 

relation  between  the  potential  difference  and  the  current  can  "* 
expressed  with  great  accuracy  by  an  equation  of  the  tj-pe 

V=Ai  +  Bi'. 

Conductivity  of  Gases  contmning  Salt  Va'pours. 

123.  When  the  vapours  of  salts  are  introduced  into  a  flan* 
the  conductivity  between  tnctallic  terminals  is  verj'  greatly  iC 
creased,  and  the  electrical  properties  are  simpler  and  more  regular 
than  in  pure  flames ;  the  laws  of  the  flow  of  electricity  througi 
these  salt-laden  flames  have  been  investigated  by  Arrhenius* 
and  H.  A.  Wilsonf.  The  method — devised  by  Arrhenius  nnC 
adopted  by  Wilson — of  introducing  the  salt  into  the  flame  waa 
as  follows :  a  dilute  solution  of  the  salt  was  sprayed  into  ex- 
ceedingly fine  drops  by  a  Gouy  sprayer,  the  spray  got  well  mixec 
with  the  coal  gas  on  its  way  to  the  burner,  and  in  tlie  flame  th» 
water  evaporated  and  the  Siilt  vaporised.  The  amount  of  sal 
supplied  to  the  flame  in  unit  time  was  estimated  by  determining 

•  Airheniua,  Wird.  Ann.  ilii.  p.  18,  1891. 

t  H.  A.  Wilaon,  Phil.  Trans.  A.  102,  p.  499,  1B99. 
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'^ite   nt   vrfaich  a  bead  of  salt  introduced  into  an  cxjual  and 

•'lar   flatue  so  as  to  produce  the  sarae  coloratiua  as  that  pro- 

■--d  l>y  the  spray  in  the  original  flame  burnt  away.     The  salts 

'I  were   chiefly  the  halnid  and  oxy-salts  of  the  alkali  metals 

•A  earths.     The  conductivity  due  to  the  salt  was  determined  by 

-  bimcting  from  the  current  observed  when  the  salt  was  in  the 

■,',.iiie  the  current  with  the  same  electromotive  force  in  the  pure 

It.  was  found  that  when  the  concentration  of  the  solutions 

^■TQull,  equivalent   solutions*   of  all  salts  of  the  same   metal 

■put  the  same  conductivity  to  the  flame.     With  large  concen- 

.  this  is  no  Itmger  the  case,  the  oxy-salts  giving  greater 

nductivity  than  the  haloid  salts.     According  to  Arrhenius  all 

le  sdte  in  the  flame  are  converted  into  hydroxides,  so  that  what- 

|l*u  salta  are  used,  the  metal  in  the  flame  always  occurs  in  the 

We  salt*.     The  relation  between  the  current  and  the  electro- 

•mrnive  force  is  represented  by  Fig.  53  taken  from  Wilson  a  paper. 

pin  « later  p.-i]>er  Wilson  has  shown  tJiat  tln;Sf  cui-voe  are  jmrabolas. 


When  the  salt  va[)OHr  is  put  into  the  flame  by  means  of  a  bead 
"'  salt  on  a  platinum  wire,  very  little  effect  on  the  current  is 
l"*«Iuccd  when  the  bead  is  inserted  in  the  body  of  the  flame, 
*«en;iifi  a  vi'iy-  hirge  increase  in  the  current  occurs  when  the  bead 
"  l)Ut  close  to  the  cathode.     This  does  not  however  necessarily 

a  that  the  salt  vapour  is  not  ionised  except  close  to  the  cathode, 
0  have  seen  on  page  99  that  this  would  occur  if  the  ionisation 

ft  the  same  at  all  parts  of  the  flame  provided,  as  is  the  case  in 
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flames,  the  velocity  of  the  negative  ion  is  very  much  greater  than 
that  of  the  positive.     When  this  is  the  case  the  distribution  of  tie 
electric  force  is  such  that  increased  ionisation  produces  little  effect 
except  close  to  the  cathode.     That  there  is  increased  ionisation 
when  the  salt  is  placed  in  the  body  of  the  flame  is  shown  very 
cleariy  by  an  experiment  made  by  H.  A.  Wilson ;  he  measured  the 
potential  difference  between  two  neighbouring  points  a  and  h  in 
a  pure  flame  and  found  that  the  electric  force  was  about  1*6  volts 
per  cm.,  he  then  introduced  between  a  and  b  a  bead  of  salt  and 
found  that  though  the  current  was  not  appreciably  altered  the 
electric  force  between  a  and  b  had  fallen  to  a  very  small  fractiox* 
of  a  volt  per  cm. ;  since  the  electric  force  is  equal  to 


•H 


i      /a 


this  result  would  indicate  that  the  value  of  q  in  the  salted  flju 
must  be  some  hundreds  of  times  its  value  in  the  unsalted. 

If  we  write  equation  (3)  in  the  form 


F  = 


qh  V  W  +  \q\)  qh  [k^J  Sirk,^  ' 


we  see  that  when  V  is  constant  i/q^  must  increase  as  q  increase^;^ 

and  that  for  large  values  of  r,  i  will  vary  approximately  as  q 

Since  i/q^  increases  with  q  we  see  that  for  a  constant  diflFerence  o 
potential  the  electric  force  in  the  body  of  the  flame  will  increas 
with  q  while  the  fall  of  potential  at  the  cathode  will  diminish.- 
Thus  the  potential  gradient  in  the  uniform  part  of  the  flame  will 
be  steeper  in  a  salted  flame  than  in  a  pure  one,  while  the  cathode 
fall  will  be  less;  we  see  too  that  the  thickness  of  the  layer  near  the 
cathode  where  the  electric  force  is  variable  is  thinner  in  a  salted 
than  in  a  pure  flame,  so  that  the  uniform  part  of  the  field  comes 
closer  to  the  cathode. 

Tufts*  has  shown  that  if  the  cathode  is  covered  with  lime  the 
fall  of  potential  is  very  much  reduced ;  this  is  doubtless  owing  to 
the  fact  that  incandescent  lime,  as  Wehnelt  has  shown,  gives  out 

*  Tufts,  Pftysik.  Zeitschr.  v.  76,  1904. 
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3  supply  of  corpuscles,  so  that  („  in  equation  (2),  p.  236, 
i  comptuable  with  t,  and  therefore  the  potential  tiill  at  the 
V  small  compared  with  the  fall  when  i,  =  Q. 

^nductitnti/  given  to  Ute  jlame  hy  the  salts  of  tlie  different 
metals  under  tlie  same  condition  cw  to  temperature. 
mI  difference  itnd  concentration. 

!  Cjpsium  salts  conduct  the  best,  and  then  follow  in 
;  salts  of  Rubidium,  Potassium,  Sodium,  Lithium,  and 
The  order  of  the  conductivities  is  thus  the  same  as  that 
aic  weights  of  the  metals;  the  difference  between  the 
(  is  very  large,  as  is  shown  by  the  following  table  given 
LA.  Wilson: 


'                                                    ChloriJfB 

NitraWB 

''■'iWUkl  Diflerencc 

6-60         -TM 
Cuireat 

■237 

5-60 

Currfot 

■237 

'■'isiiiim 

123       1  605 

22 '2 

303 

llf. 

se-G 

41-4    1  264 

11-3 

213 

02-4 

2S-9 

."ti«inm 

21-0       13-4 

5-75 

68-4 

29-3 

9-35 

j^'-lilKl.  

"jJwgen 

3-49       2-45 

1-16 

1-89         -87 

■41 

1-47 

■99 

■03 

■75  1      ... 

■27 

I  the   Variuliun  of  Conductivity  wUh  the  strength  of  the 

Solution. 

Arrhenius  came  to  the  conclusion  that,  using  the  same 

!  conductivity  was  jiroportional  to  the  square  root  of  the 

mtration,  while  H.  A.  Wilson  considered  that  the  application 

i  simple  law  was  restricted  in  the  case  of  the  oxy-salts  to 

lely  dilute  solutions,  and  that  although   the  range  of  its 

^tioD  waa  more  extended  in  the  case  of  the  haloid  salts,  the 

ment  was  only  approximate.     If  we  refer  to  the  theorj-  of 

woductioQ  just   given  we  find  that  the  conductivity  when 

nt  is  h,r  from  saturation  is  proportional  to  5',  while  for 

I  catrents  it  is  proportional  tu  q*,  where  q  is  the  number  of 

daced  ptr  second  in  a  cubic  centimetre  of  the  gas.     In  the 

Epf  tJie  wit  vapour  9  will  be  proportional  to  the  number  of 

nlcB  of  salt  in  a  cubic  centimetre  of  the  gas,  and  will  thus  bo 
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proportional  '  >  the  strength  of  the  sohition.  Cun'cs  (tivcn 
Fig.  54  taken  from  a  paper  by  Smithella,  Dawson  and  Wilm 
shiiw  [ht-  vai  iations  of  the  cun-eiit  with  the  strength  irf 
solutiuii  fur  a  series  of  salts. 
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Velocitij  of  the  Ions. 

126.  The  velocity  of  the  ioas  in  flames  containing  salt  vap 
has  heon  (k-termined  by  H.  A.  Witsonf,  who  used  a  methc 
which  the  principle  is  as  follows.  Suppose  that  in  a  fiami 
have  two  electrodes  one  vertically  over  the  other,  and  tha' 
introduce  a  head  of  salt  just  underneath  the  upper  electrode 
vaiwmr  from  this  bead  will  be  carried  along  by  the  iipward 
of  gases  in  the  flame,  and  unless  the  ions  in  the  salt  vapoui 
ilriven  downwards  by  the  electric  held  between  the  electrc 
none  of  them  will  reach  the  lower  electrode.  If  however  the 
from  the  salt  do  not  reach  the  electrode  the  current  between 
electrodes  will  be  unaffected  by  the  [)resence  of  the  salt.     T 

•  Smithella,  Dawson  and  Wilson,  Phil.  Trnnn.  A,  193,  p.  89.  1900. 
1-  H.  A.  WilaoD,  PkiL  Traa:  A,  192,  p.  499,  1899. 
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B  potential  ditference  between  the  electrodeH  is  small  the 

Int  will  not  be  increased  by  the  introduction  of  the  salt,  but 

ts  the  electric  force  between  the  electrodes  is  sufficient  to 

2  of  the  ions  against  the  blast  in  the  flame,  the  current 

Ibe  increased  by  the  bead  of  salt.     This  is  illustrated  by  the 

;  in  Fig.  55  taken  from  Wilson's  paper;   we  see  that  when 


ihe  upper  electrode  was  positive  the  current  waa  not  increased  by 

i^K  liead  until  the  potential  difference  between  the  electrodes  was 

iWut  100  volts,  while  for  greater  differences  of  potential  the  bead 

pi^idiiced  a  substantial  increase  in  the  current,    Thua  when  there 

^indifference  of  100  volta  between  the  electrodes,  the  smallest 

*tric  force  in  the  space  traversed  by  the  ion  must  be  just 

Ecient  to  give  to  the  positive  ion  a  downward  velocity  equal 

I  the  upward    velocity   of   the   gas   in   the   ffamo.     Since   the 

10  field  is  not  onifonn  between  the  electrodes  (see  p.  225),  it 

f  to  mt^asure  the  distribution  of  potential  between  the 

odes   in   order   to  determine   the  minimum  electric  force ; 

n  this  and  the  upward  velocity  of  the  gas  in  the  flame  are 

1  we   can   determine  the  velocity  of  the  ions  in  a  flame 

4  given  electric  force.     By  this  and  siniilar  methods  Wilson 

!  the  following  values  for  the  velocities  of  the  ions  under 

I'dectiic  force  of  a  volt  per  centimetre. 

(In  a  flame  whose  temperature  was  estimated  to  be  about 
)'  C,  the  velocity  of  the  negative  ion,  whatever  aalt«  were  put 
(he  Hainc,  was  about  lOOOcm./sec. 


H  velocities  of  the  positive  ioi 


f  sails  of  Caesium,  Rubidiunii^ 
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.  and  Lithiam  were  all  equal,  and  wcrv  tim  I 


Is  a  ?tivaru  of  hot 
lOiX'"  C.  The  ►'Uvuing; 
undrr  a  piti«it:i! 

Nrtr*n^e  i^'H?  ■■- 
P<eiiive  ii*&i  ■■i  9*1 
Positive  ions  of  sd 

The  absolute  nai 
in:e,  the  relative  v»l 

The  velocities  ai 
at  2000  C.  but  we 
lower  temperature  B 
velociiy  of  the  positi 
reduced  to  abc.ut  1  '8 


air  wboae  t«mpcmture  was  eslintated  si  1 
reaulls  were  obtuned  for  the  velodtiai  | 
of  1  wkt  per  CIO. 

26cm./sec. 

•  ofUXa.K,Bb.andC»    7-2ciu./9e( 
18 of  B»,  Sr,  and  Qs         ...     38 cm./Bec 


jdod  as  only  appmiinuiKlf 
inch  more  accurate- 

at  lOOO"  C.  than  they  m 
I  the  negative  ion  at  lie 
fits  pace  at  the  higher,  the 
mo  &I1  in  temperaiuie  odI^ 


These  dettrmin* 
chantcter  of  the  ions 
the  ion.  A'  the  clectn 
acting  on  thi 
the   iou.  )■   i 


by  throw  some  light  on  tb« 
the  charge  of  elec^dty  '^ 
ion  it.  the  mechanical  foic* 
s  o<iiia]  to  AV:   if  \  is  the  mean  free  i^lh  ■-"•' 
■citv  of  translation,  then   the   time   betwe^* 


two  collisions  is  \  r,  and  in  this   time   the   force  acting  up"?*^ 
it  will  give  it  a  velocity  in  the  direction  of  the  force  equal  t^ 
XeXvm,  where  hi  is  the  mass  of  the  ion;   the  average  velocit_^ 
parallel  to  A'  due  to  the  electric  force  will  therefore  be  XeXjivm 
and  this  will  be  the  velocity  with  which  the  ion  will,  under  th^^ 
electric  foree,  move  through  the  gas.     The  equal  velocity  of  al^^ 
negative  ions  from  whatever  source  they  may  be  derived  might^^ 
at  first  sight  seem  to  indicate  that,  as  Arrhenius  supposed,  all  the 
salts  were  converted  to  hydroxides  in  the   flame,  and  that  the 
negative  ion  was  in  every  case  the  radicle  OH :  let  us  calculate 
what  on  this  supposition  would  be  the  velocity  of  the  negative 
ion  at  a  temperature  of  2000°  C.     We  do  not  know  the  free  path 
of  OH  through  a  mixture  of  coal  gas  and  air,  but  as  the  fr^e  path 
of  the  molecule  H,  through  hydrogen  at  0°  C.  and  at  atmospheric 
pressure  is  18  x  10~'cm.,  and  the  free  path  of  O,  through  oxygen 
under  the  same  circumstances  is   106  x  10~*cm.,  we   may  as  a 
rough  approximation  take  for  the  mean  free  path  of  OH  through 
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B  mixture  ihe  value  li  x  lO"'  cm.  at  0"  C;  at  2000°  C.  X  the 
a  free  path  would  be  this  value  multiplied  by  2273/273,  ie.. 
I X  10-*.  To  get  the  value  of  v  we  remember  that  mv'  is  the 
pe  for  all  gases  at  the  same  temperature,  while  at  different 
ppemtures  it  is  proportional  to  the  absolute  temperature. 
r  0,  at  0°C.  «  =  4-25  X  10'cm./3ec.,  hence  for  OH  at  0°C. 
k=5-6xlO*cm./sec.,  and  for  OH  at  2000° C.  u=l-6xl0';  e/m 
fcOH  is  equal  to  I'l  x  10',  hence  substituting  these  values  in  the 
aion  £e\jivm  and  putting  X  =  10'  we  find  for  the  velocity 
Dder  the  potential  gradient  of  one  volt  per  cm.  37  cm./sec.:  the 
kinal  velocity  is  as  we  have  seen  1000cm./9ec.:  hence  we  con- 
hde  that  the  radicle  OH  cannot  be  the  carrier  of  the  negative 
The  great  velocity  of  the  negative  ions  at  these  high 
■operatures  points  to  the  conclusion  that  the  negative  ions 
■t  as  corpuscles  and  gradually  get  loaded  by  molecules  con- 
'l^nsing  round  them;  at  temperatures  aa  high  aa  2000"  the  time 
th*y  eiial  as  free  corpuscles  is  an  appreciable  fraction  of  their  life ; 
*fiiie  they  are  fi-ee  corpuscles  they  have  an  exceedingly  large 
velocity,  so  that  though  this  is  enormously  reduced  when  they 
'•Mome  the  nucleus  of  a  cluster,  their  average  velocity  is  very 
oiiBiderable.  At  low  temperatures  condensation  takes  place 
much  scMiner.  so  that  the  average  velocity  is  lower. 
_  The  &*5t  that  iinder  an  electric  field  the  velocities  of  the 
e  ions  of  all  the  salts  of  the  univalent  metals  are  the  same, 
t  these  too  become  the  nucleus  of  a  group  whose  size  only 
s  upon  the  charge  on  the  positive  ion;  since  the  velocities 
I  positive  ions  for  the  divalent  metals  while  equal  among 
selves  are  less  than  those  of  the  monovalent  metals,  we  con- 
t  theae  divalent  ions  become  the  centres  of  clusters  more 
■nplex  than  those  which  collect  round  the  monovalent  ions. 
I  Determinations  of  the  velocities  of  the  ions  in  flames  have  also 
1  made  by  Marx*,  he  finds  for  the  velocity  of  the  negative 
v  same  value  as  Wil^n,  i.e.  1000cra,/sec.  under  a  potential 
ittnt  of  a  volt  per  centimetre ;  he  gets  however  for  the  positive 
the  same  gradient  considerably  larger  values  than 
,  200  cnu/sec  instead  of  62  cm./sec.  A  calculation 
■  to  that  just  given  for  the  velocity  of  the   radicle  OH 


Aim.  rfiT  Phy:  ii.  p.  7158,  lilOO. 


£44  tonauios'  is  aiSES  fkoh  flakss.  [a 

ffaows  ihu  »  v^fodtj  irf  SOO  em./Eec.  is  of  the  same  order  as  tbt 
V'elDcity  u  200O*  C  flf  >a  atam  of  hydrogen  in  an  electric  field 
Mi:«<eaa*  hu alaDdeieniiiiied  the  velucitiosof  the  ions  iafliimej 
»!  1«m|>entiir«s  fron  IflOO  to  1700  C,  he  finds  the  velocity  of  tbi 
j^^:^_-  :-_  s*>  (nn.'sec-  under  a  force  of  one  volt  per  cm.  TTii 
vrl  ■  ne^atiw  ion  he  finds  to  be  greater  the  lower  tht 

a:^  ..  ^.'.'.   :f  the  salt  in  the  metal,  unless  the  quantity  of  sail 

in  ;  :j-?  n^nK-  is  very  smalL 

Tninnvrv  £  rodaced  by  a  magnetic  field 

M  fyifff  a  current. 

137     If  an  twing  through  a  flame  panll' 

t*>  the  directici  foree  at  right  angles  to  th 

diivctioo.  SUV  p)  ion  tf,  is  applied  to  the  flatc 

a  transverse  el  i  prtxluced   which  is  at  rig 

angles  to  both  x  motive  force  has  been  detect* 

and  messurwl  by  inl  explanation  of  this  effe* 

which  is  imalogous  to  the  'Half  effect  in  metals,  is  easy;  tl 
CiilcTilation  of  it*  magnitude  except  in  a  few  special  cases 
however  beset  by  difficulties. 

As  there  is  a  current  parallel  to  x  flowing  through  the  flan: 
the  average  direction  of  the  positive  iona  will  be  along,  aay,  tl 
positive  direction  of  j,  that  of  the  negative  ions  in  the  opposi 
direction.  Let  V  be  the  average  velocity  of  the  positive  ioi 
V  that  of  the  negative,  if  these  are  moving  in  a  magnetic  fit 
where  the  magnetic  force  H  is  parallel  to  y,  they  will  be  subjt 
to  mechanical  forces  tending  to  move  them  in  the  same  directii 
this  direction  being  parallel  to  z,  at  right  angles  to  both  x  and 
The  magnitudes  of  the  mechanical  forces  acting  on  the  posit: 
and  negative  ions  are  respectively  IfeV  and  HeV,  where  e  is  t 
charge  on  an  ion.  The  displacement  of  the  ions  under  th< 
forces  will  (if  V  is  not  equal  to  V)  produce  a  current  of  electric 
through  the  flame  parallel  to  z;  if  however  the  iona  cam 
escaj)e  in  this  direction  the  current  will  soon  stop,  as  the  ao 
mulation  of  ions  will  produce  a  back  pressure  and  an  electrosts 

•  MorBBQ,  Journal  de  Phyiiquf  [4\  ii.  p.  558  ;  Ann.  de  Chtmie  et  de  Phyi. 
JXX.  p.  5. 

t  Man,  Ann.  Act  i>hyt.  ii.  p.  798,  1900. 
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M  which  wilt  balance  the  eflfect  of  the  mechantcat  forces  arising 
D  the  magnetic  field. 

We  shall  now  proceed  to  deduce  the  equations  which  give  the 
inurbance  produced  by  the  magnetic  field ;  these  equations  are 
4  limited  to  the  case  of  flames,  but  apply  to  all  cases  of  the 
odnction  of  electricity  through  a  gas  contaiuing  ions. 
Let  the  direction  of  the  primary  current,  i.e.  the  current  before 
the  magnetic  field  is  applied,  be  taken  as  the  axis  of  x,  let  the 
ins^etic  force  act  doK-nwards  at  right  angles  to  the  plane  of 
Ike  paper :  then  the  force  on  the  ions  will  be  in  the  plane  of 
Ibe paper  and  at  right  angles  to  the  axis  of  a:;  we  shall  Uike  the 
is  of  I  in  this  direction, 
list  f  be  the  intensity  of  the  magnetic  force, 

S,  Z  the  components  of  the  electric  force  parallel  to  the 

axes  of  X  and  z  respectively, 
a,  J)  the  velocities  of  the  positive  and  negative  iona  under 

uait  electric  force, 
pi,  p,  tbe  pressures  at  any  point  due  to  the  positive  and 

negative  ions  respectively, 
m,  n  the  number  of  positive  and  negative  ions  per  cubic 
centimetre  at  any  point. 
We  shall  assume  that  these  ions  behave  like  a  perfect  gas,  so 
"ifttjijsflfH,  p,  =  iin,  where  fl  is  a  constant  proportional  to  the 
"wlute  temperature. 

Let  ua  consider  first  the  positive  ions,  their  velocity  parallel 
'  the  axis  of  x  is  Xu,  hence  the  mechanical  force  on  an  ion 
*IIel  to  s  due  to  the  magnetic  field  is  euXH,  the  force  on  the 
o  due  to  the  electric  field  is  Ze,  and  the  Ibrce  on  the  ions  in  unit 
Wumedue  to  the  variation  in  the  pressure  at  diflferent  points  in 
M  field  ia  -  dpijds,  hence  the  total  force  parallel  to  i  on  the 
*ilivy  ions  in  unit  volume  is  equal  to 

-^-tmeiuXH  +  Z), 

111  the  number  crossing  in  imit  time  one  square  centimetre  of 
t'  at  right  angles  to  z  is  equal  to 
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simiUrly  the  flux  pandkl  to  x  is  eqaal  %o 

if  we  neglect  terms  dependii^  npoD  JBF*  the  torn  mZH  imt  be 

omitted,  and  the  flux  paraDel  to  x  is 


e  i      dx  ) 

Similarly  the  flux  of  the  negatiTe  ions  ponUel  to  r  is  equal  to 

and  the  flux  parallel  to  a:  to 

Let  q  be  the  number  of  ions  produced  in  <me  cuImc  centimet 
of  the  gas  in  one  second,  anm  the  number  of  i<His  which  reoombic:^^^ 
in  one  second  in  unit  volume ;  then  by  the  equation  of  oontinnit 
we  have,  when  things  are  in  a  steady  state, 

V  d 
edz 


|-'^-'("^^-^f.'i(-'£-"^)='— •> 


we  have  al8^>,  using  electrostatic  units, 

dX     dZ     .      ,  V 

,  dX     dZ    ^ 

and  -J J-  =  0. 

dz      da 

Hince  p^^Rm,  p^^Rn,  we  have  as  many  equations  as  there 
are  variables,  PuP^t  m,  n,  X,  Z,  The  solution  will  however  depend 
very  greatly  upon  the  boundary  conditions;  thus  one  solution 
is  Z-»0,  p,  and  pa  constant,  and  X  independent  of  z  and  the 
same  as  when  the  magnetic  force  is  zero :  this,  however,  involves  a 
transverse  flux  of  positive  ions  equal  to  mu^XH  and  of  negative 
ions  equal  to  nt^XH,  and  is  not  consistent  with  a  steeply  state 
unless  there  is  some  means  for  this  transverse  stream  to  escape. 
If  there  is  no  way  of  escape  for  the  transverse  streams  of  ions 
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the  flux  of  the  ions  parallel  to  z  must  vanish  at  the  boundaries  of 
the  gas.  Let  us  suppose  that  it  vanishes  throughout  the  gas,  then 
"we  have 

"^-VimiuXH^Z)^^ (1), 

-^'  +  n«(t;Xfi^-Z)  =  0   (2). 

Putting  jt>i  = -Rw,  p^  =  En  and  {7n  —  n)e  =  p  we  get  from  (1) 
and  (2) 

—  -^  =  eXH(mu-nv)'^Ze{m  +  n) (3); 

and  since,  changing  to  electromagnetic  units, 

.dpi  f(PZ     d?Z\ 
dz  "  vAdx'     dz^ )  ' 

where  V  is  the  velocity  of  light,  (3)  becomes 

R     (d^Z  .  d^Z\       ^„,             V     /z  / 
4;;^.(d^  +  ^j  =  ^^^(^^-^t;)  +  Ze(m  +  n)  (4), 

^  equation  to  find  Z,  In  the  terms  on  the  right-hand  side,  we 
"^y  put  for  X,  m,  n  the  values  when  -ff  =  0,  if  we  are  content  to 
J^lect  terms  in  H\ 

Since  F*  =  9xlO»,  e  =  l'lxlO""  (in  electromagnetic  units), 
^*5  X  ID-",  for  a  gas  at  0°  C,  we  see  that  (4)  may  be  written 

4xlO-"(^+^)  =  eZJT(mu-ny)  +  Ze(m  +  n). 

If  the  sum  of  the  partial  pressures  due  to  the  positive  and 
negative  ions  were  1  atmosphere  e{m-\-n)  would  be  about  '5,  hence 
^e  see  that  if  the  pressure  of  the  ions  is  large  compared  with 
*'' "  atmospheres  and  if  Z  does  not  vary  exceedingly  rapidly 
^th  or,  a  very  approximate  solution  of  (4)  will  be 

^^XH(nv-mu)     

'Hiis  may  be  written 

e{m-{-n)  ' 

where  i„  and  %p  are  respectively  the  currents  carried  by  the  negative 
^  positive  ions. 
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A(.  n  |il;u:<;  wh<;n;  thfjnr  i.s  no  free  electricity  in=^n:  in  iliis 

TliiM  JH  t,li<«  foriiiulji  usually  employed,  but  we  see  frtmi  the 

I  in  ■<•«•(  I  i  11)^  Work  \\.  in  only  applicjible  in  a  very  special  case. 

VVIirn  HnliiUoiiH  «)f  K('l  of  various  strengths  were  sprayed  into 

II  (liiiiir  Mjiix*  found  valu(?H  of  ZjXH  varying  from  lO'lSxlO^ 
lor   t.lir   puir  flaini'   to  :V7  x  lO"^  when  a  saturat<Ki  solution  of 
K('l   wiiM  Mpniyt'd   int<»  it,  the  sign  of  the  result  showing  that 
tjir    viloi'ily  of   thr    negative    ion    is   greater  than    that  of  tte 
|Mir»ili\t».     If  \vi«   apply   the   jnvceding  fonnula    we  find,  on  th^ 
MuppoMilioii  timt  the  mejiNUivnients  were  made  in  a  part  of  tb^ 
llntnr    wlh'iT    tliere   was  wo  five  eKH.*tricity,  that  the   difference 
lu'lwiM^n  I  lie  voloritieM  of  the  negjitive  and  positive  ions  under  ^^ 
oloi'tnr  foive  of  one  volt  {hm*  centimetre,  i,e,  10*  units,  would  vat5 
fiom   vMKiii  em.  see.  for  the   pun*   Hame  to   740  Qm.jsec.  for  tb-^ 
llaino  ronlaining  the  eoneentraled  Si^lutiim:  the  value  940  foun-^^ 
l»\  II   A.  \YiljuM\  hy  diitvt  exiHTiment  is  In^tween  these  limits. 

If  il\**  eliH'trio  and  luajjuetio  tonvs  are  evmsiderable  there  wilr 
\\hoi\  !h*^i\»  IS  lu*  es\*ajv  for  the  transverse  tiow  of  ions,  be  very-^ 
vsvn^hloi.iMo  \an:Uhnis  \\\  the  nnmlvr  v^f  ions  in  the  gsvs :  for  puttin^"^ 
IS  —  W»4,  |v  —  Hh.  wo  i«\*t  fivm  K\\iia:ivMis  ^U  and  ^^2\ 

wKmv  r  i«  j^  v\M\s:.-%u!.  IV  s^v  ^^r:.^:  i.^iATien  this  implies 
l^l  w»  lAM*  iW  ikVij^-  of-  ,^.^  un.i^v,  V\  Kk^v.:^:^:*.  rsy^.  :he  pressure 
•*"V2  '  UVV*  ot  Aix  ^'^^xv.^yi,  :v  :hvv.  s::'>,  '.  ^  r  a:  ."iim^xsphenc 
IMMMuv  ^^  ii  \  U>  \*w.  ^^.  ^.  ,...  ^^;..:v.  ■.r::s>:ire  i:  will  be 
»\  »0  *  AIM  it   A  .*  u>  v,v->  A  ,-::..::-:     .1   :>  s-i  «  =  10=. 


11  t  -  .  « 
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ndependent  of  i :  this  variatioD  in  the  current  may  nifect  the 
tibution  of  potential  between  the  electrodes  and  thus  introduce 
li  sources  of  disturbance  into  the  problem. 

the  case  when  there  are  only  ions  of  one  sign  present,  say 
negnljve,  there  is  a  very  simple  solution  of  the  preceding  equa- 
tor we  see  that  Z  =  eHXv,p,  constant  and  X  the  sanie  as 
there  is  no  magnetic  force,  satisfies  those  equations. 

■nuw    current  that  can   be  carried  by  the  vupo'tr  of  a  Salt. 

8.  H.  A,  Wilson*  has  made  an  exceedingly  important  sot 
xperiinents  on  the  maximum  current  that  can  be  carried  by  a 

0  amount  of  salt  va}Kiur;  in  these  experiments  the  solution 
iaining  the  salt  vapour  was  not  sprayed  into  a  flame,  but  into 
heated  by  passing  through  a  long  platinum  tube  raised  to 
jht  yellow   heat   by  a  furnace ;    a   smaller  central   tube  was 

d  along  the  axis  of  the  outer  tube  and  the  current  between 
inner  and  outer  tubes  measured.  When  solutions  of  the 
mgth  1/lOth  normal  were  sprayed  and  the  temperature  of  the 
s  raised  and  the  potential  difference  increased,  a  stage  was 
obMl  whi?n  neither  an  increase  in  the  temperature  nor  in  the 
eniial  difference  produced  any  increase  in  the  current.  Wilson 
>»UTeil  this  limiting  current  and  found  that  it  was  equal  to  the 
which  when  passing  through  an  aqueous  solution  of  the 
'Would  electrolyse  in  one  second  the  same  quantity  of  salt  aa 
'sprayed  in  that  time  into  the  hot  air;  thus  if  the  salt  had 

1  supplied  to  water  at  the  same  rate  as  it  was  supplied  to 
not  air  the  maximum  current  that  could  be  sent  through 

■  wjueous  solution  would  be  the  same  as  that  which  could  be 
I  through  the  air ;  this  was  proved  for  the  following  salts  of 
Rlkaii  metals:  CsCl,  CsCO,,  Rbl,  RbCI,  Bb,CO„  KI.  KBr, 
'.  K,CO,.  NaT,  NaBr,  NaCl,  Na,CO„  lil,  LiBr.  LiCl,  Li^CO,. 

■  H.  A.  WUeon,  Fhll.  Man.  vi.  i,  p.  207.  1902- 
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129.  The  discc 
ultra-violet  light  O' 
spark,  led  immetliat 
HoorJ,  Righi§  and  f 
of  ultra-violet  light, 
investigations  that  a 
negative  electricity,  rnjjmij  i. 

be  when  ultra-violet  light  Iklls  upon  the  aurtacc;  while  if  the 
surface  is  uncharged  to  begin  with,  it  acquires  a  positive  charge 
when  exposed  to  the  light,  the  negative  electrification  goii^  out 
into  the  gius  by  which  the  metal  is  surrounded ;  this  positive 
electrification  aui  be  much  increased  by  directing  a  strong  all' 
blast  against  the  surface.  If  however  the  zinc  surface  is  positively 
electrified  it  suffers  no  loss  of  charge  when  exposed  to  the  light:. 
this  result  has  betn  questioned,  but  a  very  careful  examination 
of  the  phenomenon  by  Elster  and  GeitellT  has  shown  that  the 
loss  observed  imder  certain  circumstances  is  due  to  the  discharge 
by  the  light  reflected  from  the  zinc  surface  of  negative  electrifica- 
tion on  neighbouring  conductors  induced  by  the  positive  charge, 
the  negative  electricity  under  the  influence  of  the  electric  field 
moving  up  to  the  positively  electrified  surface. 

■  Hertz,  Wied.  Ann.  iixi,  p.  9S3.  1887. 

t  HallwachB,  ]fUd.  Ann.  xxx.m.  p.  301,  1868. 

X  Hoot,  Itepertorium  dtt  Phyik,  uv.  p.  81,  1S89. 

§  Highi,  C,  Ji.  ovi.  p.  1349;  ovii,  p.  559,  1888. 

II  Stoletow,  C.  R.  cvi,  pp.  1149, 1593  ;  evil.  p.  91 ;  cviii.  p.  12*1 ;  PhyiikalUehe 
Rtvue.  Bd.  i.,  1892. 

•i  ElBter  and  Qeitel,  Wied.  Ann.  lUTiii.  pp.  40,  497,  1889;  ili.  p.  161,  ISSO; 
llii.  p.  564,  1891 ;  iliii.  p.  220,  1893 ;  lii.  p.  433,  1894 ;  It.  p.  6B4,  1896. 
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Jbe  ultra-violet  light  t<i  produce  these  effects  may  be  obtained 
KD  are  lamp,  or  by  burning  raagaesiuin,  or  by  sparking  with 
iductioD  coil  between  zinc  or  cadmium  terminals,  the  light 
which  is  very  rich  in  ultra-violet  rays,     Sunlight  is  not  rich 

i-violet  rays,  as  these  have  been  absorbed  by  the  atnio.tphere, 
it  does  Dot  produce  nearly  so  large  an  effect  as  the  arc-light. 
r  and  Geitel,  who  have  investigated  with  great  success  the 
la  produced  by  light  on  electrified  bixlies,  have  shown  that 
more  electropositive  metals  lose  negative  charges  even  when 
to  ordinary  daylight.  They  found  that  amalgams  of 
Urn  or  potassium  enclosed  in  a  glass  vessel  lose  a  negative 

:  in  the  daylight,  though  the  glass  would  stop  any  small 
itityof  ultra-violet  light  that  might  be  left  in  the  light  after 
!  through  the  atmosphere.  When  sodium  or  potasaiura 
Kmselves  instead  of  their  amalgams  were  used,  or,  what  is  more 
enient  for  many  purposes,  the  liquid  alloy  formed  by  mixing 
6  metals  in  the  proportion  of  their  combining  weights,  they 
ll  that  the  negative  electricity  was  discharged  by  the  light 
;  a  petroleum  lamp ;  while  with  the  still  more  electropositive 
1  rubidium  the  negative  electricity  could  be  discharged  by 
ight  from  a  glass  rod  just  heated  to  redness.  They  found, 
TOr,  that  the  eye  was  more  sensitive  to  the  radiation  than 
nibidium,  for  no  discharge  could  be  detected  until  after  the 
ttion  from   the  glass  rod  was  visible.     I  have  lately  found 

ir  that  electropositive  metals  like  rubidium  give  off  negative 
oicity  in  the  dark,  especially  if  a  trace  of  hydrogen  ia  present. 

and  Geitel  arrange  the  metals  in  the   following  order 
Rspect  to  their  power  of  discharging  negative  electricity : 

Rubidium. 

Potassium. 

Alloy  of  Potassium  and  Sodium. 

Sodium. 

Lithium. 

Magnesium. 

Thallium. 

Zinc, 

■  copper,  platinum,  lead,  iron,  cadmium,  carbon,  and  raer- 
e  effects  with  ordinary  light  are  too  small  to  be  measurable. 
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Thr  imjUt  of  thr  nn'tals  tor  this  effect  is  the  same  as  in  Volta's 
Mi'ih's  lor  i'oiit:u*t-i'K'('tricity,  the  most  electro{X)sitive  metals 
w'.iMiii;  \\\r  lari;;i\st  |»hi»lo-elootric  effect.  Many  substanc<>s  besides 
iui'ImIs  ilisclijiri^e  iiei^itive  electricity  under  the  action  of  ultr^- 
Molri  hvihi  :  lisis  ot'  tliese  substances  will  be  found  in  papers  by 
iJ  ('  Sihmitli^  and  O.  Knoblauch "f-.  Among  the  more  active 
Hlh»io  rlnirii'  .solids  are,  tluor-sjwr,  the  various  coloured  varieties 
%»!"  whhh  vary  i;i\»ally  in  the  degive  to  which  they  possess  this 
|ito|Mii\  .  (ho  sul]>l\ides  of  antimony,  lead,  arsenic,  manganese, 
Nihil,  anil  tin  y\\w  sulphates  do  not  possess  this  property); 
lixdioNuli'  of  tn\.  unlido  oi  load,  many  aniline  dyes  in  the  solid 
.••laio 

Pino  waior  is  uoi  photo-olootrio.  and  a  thin  film  of  water  over 
llio  ••uita^o  ot  a  iiuta!  dos'.rovs  the  efftnn  due  to  the  metal.  The 
?.oluti*»t\N  A  \\\,\\\\  s'.ilvstaiuvs  an^  however  very  photo-electric, 
o»»poo;a"\  svv-.tf.o'^.s  ot'  r?*.:ortsoi^n:  substances  such  as  eosine, 
tuoi\s«i\»^  o\.;v.;uo  h\vV.\vlv!v.or.o.  ^vnC'^-txH^i :  potassium  nitrate  and 
toM\;u-  .io.o.  a>o  >ho\%  :h:s  otVivt.  Amonc  ^"t'll-known  substance*^ 
\>^.•.^•^.  o.v^    .  f  N*:-.,  w  :!v.s  orVcv:  wo  --iv  :r.on::on  sv^lutions  of  sulpha^^ 

\  *  ■  .  . 

■  *'■  ■     ..    »  ......  ..^..^         r     fr-3<»*< 

■  ■  » 
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1  a  petroleum  lamp  is  sufficient  to  produce  well-marked 
;  we  have  set^n  that  sodium  when  in  the  solid  state  ia 
irty  sensitive  to  the  action  of  light,  Elxperimenta  have  been 
OD  other  gases;  thus  Henry"  who  tried  the  effect  of  ultra- 
li^t  on  iodine  vapour,  which  altsorbs  a  good  deal  of  light. 
not  detect  any  increase  in  conductivity  when  the  gas  was 
Dated :  Buissonf  was  unable  to  detect  any  conductivity  in  air 
fh  which  ultra-violet  light  was  passing:  recently,  however, 
A*  haa  described  an  efl'ect  due  to  a  very  easily  absorbed 
r  ultra-violet  light  produced  when  sparks  from  an  induction 
UB  between  aluminium  terminals;  this  light  is  so  easily 
ed  by  air  that  its  effect  becomes  Inappreciable  after  it  has 
1  through  a  few  centimetres  of  air  at  atmospheric  pressure, 
t  ia  more  transparent  than  air  to  this  light ;  coal-gas  is  very 
less  transparent  than  air,  while  hydrogen  is  more  so.  If 
uminiura  terminals  were  placed  behind  a  quartz  window 
letal  plate,  then  a  charged  conductor  placed  on  the  far  side 
ft  plate  near  to  the  gas  illuminated  by  these  rays  v.as  found 
e  its  charge  rapidly  if  positively  electrified,  very  much  more 
'  if  negatively  electrified.  In  order  to  avoid  spurious  effects 
o  the  light  falling  on  metal  surfaces  in  the  neighbourhood 
d  covered  these  with  soap  and  water,  which  he  found  pre- 
il  any  discharge  of  electricity  due  to  light  falling  on  a  metal 
The  much  greater  loss  experienced  by  the  plate  when  the 
ewaa  positive  than  when  it  was  negative  indicates  that  the 
ty  of  the  negative  tons  is  much  greater  than  that  of  the 
Ve.  Lenard  measured,  by  a  method  used  by  Zeleny  and 
bed  on  p.  49,  the  velocities  of  the  ions ;  he  found  that 
'  ft  potential  gradient  of  a  volt  per  centimetre  the  velocity 
»  negative  ions  through  air  at  atmospheric  pressure  is  313 
(t:  this  ie  considerably  gi'eater  than  (almost  double)  the 
ity  found  by  Rutherford  for  the  negative  ions  produced  by 
Ify  ultm-violet  light  incident  on  a  metal  plate :  the  velocity 
6  positive  ions  was  found  by  Lenard  for  a  gradient  of  a  volt 
tatinietre  to  be  only  '0015  cm./sec.,  that  is  only  about  1/2000 
>  velocity  of  the  negative  ions.   The  exceedingly  small  velocity 

r,  Pne.  Comb.  Phil.  Soc.  ii.  p.  319.  1S97. 

DO,  ijugMd  b;  Peirm,  Jnn.  de  Cfiimie  ft  de  I'hyii'iae.  vii.  II,  p.  5U6, 

rd.  Dndt't  Ana.  i.  p.  480-,  iii.  p.  311^.  lUOO. 
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of  these  positive  ions  raises  the  question  as  to  whether  they  j 
not  particles  of  duet  or  minute  drops  of  impure  water,  rather  th 
gaseous  ions.  It  is  essential  to  show  that  they  are  not  of  tl 
nature  if  these  esperiments  arc  to  demonstrHtc  the  ionisatioD  of  I 
air  by  the  uHra-violet  light,  for  the  enormous  discrepancy  betwe 
the  velocities  of  the  positive  and  negative  ions  is  e-xactly  what' 
should  expect  if  dust  possessing  photo-electric  properties  wf 
exposed  to  the  influence  of  ultra-violet  light ;  such  particles  woi 
emit   negative     '        '  '  * "     the   positive   electricity  wot 

remain  Ix-hind  imparatively  large  dust  partic 

would  move  v  ectric  field,  while  the  negati 

ions  being  free  e  expected  to  move  with  mu 

greater   velocif  sea   this   interpretation   of  i 

results  and  rejt  vhich  do  not  appear  to  us  abi 

lutely  convincii  ;hac  the  negative  ions  prodnc 

by  the  action  i  on  air  are  essentially  differe 

from  those  pro  ght  falls  on  a  metal,  and  tfa 

while  the  latter  ice  condensation  in  a  steam  ji 

the  former  iire  unable  to  do  so.  I  he  evidence  fur  this  is  as  fulini' 
though  the  gas  under  direct  illumination  by  the  ultra-violet  lig 
produces  vigorous  condensation  in  a  steam  jet,  yet  if  the  n^ti 
ions  are  pulled  out  of  the  illuminated  gas  by  a  positively  charg' 
plate  placed  at  some  distance  away  no  condensation  of  the  jet  tak 
place  in  the  region  between  the  plate  and  the  gas  exposed  tot 
light,  though  the  leak  of  positive  electricity  from  the  plate  sho 
that  this  region  is  being  traversed  by  negative  ions.  To  ma 
the  experiment  conclusive,  however,  we  require  to  know  I 
sensitiveness  of  the  steam  jet,  i.e.,  the  minimum  number  of  i' 
per  cubic  centimetre  it  is  capable  of  detecting,  and  also  to  be  s' 
that  the  number  of  negative  ions  in  the  neighbourhood  of  the 
exceeds  this  minimum:  the  second  point  is  one  that  requ- 
very  careful  attention,  for  if  the  electric  field  in  the  neighbourh' 
of  the  plate  is  intense  the  negative  ions  will  be  moving  at  a  v 
high  speed  and  a  very  small  number  of  ions  in  each  cubic  cet 
metre  would  be  sufficient  to  produce  a  very  appreciable  leak; 
fact  if  this  leak  is  '  saturated '  we  see  that  the  density  of  the  i 
will  be  inversely  proportional  to  the  strength  of  the  field,  so  t 
by  increasing  this  strength  sufficiently  we  could  certainly  stop 
condensation  of  the  steam  jet.  Thus  this  experiment  does 
prove  that  the  negative  ions  are  incapable  of  acting  as  cent 
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:  -iindensation :  to  make  the  proof  valid  we  should  require  to 
HI*  thai  the  number  of  iona  in  each  unit  volume  was  so  large 
.;it  ovndensation  would  take  place  if  these  ions  had  the  property 
!  f.iic  normal  negative  ion, 

131.  C,  T.  R.  Wilaon*  has  studied  the  action  of  ultra-violet 
.;ht  on  gases  from  the  point  of  view  of  the  effect  produced  by  the 
;.L;lit  on  the  formation  of  clouds.  His  results  with  intense  light 
iv"  alKady  been  described  iu  Chapter  VII,,  we  shall  only  consider 
■-re  the  effects  he  got  with  very  feeble  light,  aa  the  effects  have  a 
iirpct  bearing  on  the  question  of  the  ionisation  of  air  by  ultra- 
violet tight,  though  they  do  not  touch  the  question  as  to  tho  effects 
poduced  by  the  extremely  absorbable  light  studied  by  Lenard. 
Wiiann  found  that  with  very  feeble  ultra-violet  light  clouds  were 
[irwinced  by  expanflion  when  this  exceeded  a  definite  amount,  just 
iw  in  the  case  of  a  gas  ionised  by  Kontgen  rays,  and  that  the 
wount  of  eipansion  required  was  just  the  same  for  the  ultni- 
^inlei  light  as  for  those  raj's :  this  at  first  sight  looks  as  if  the 
ultra-riolet  light  ionised  the  gas.  Wilson,  however,  found  that  the 
clouds  produced  by  ultra-violet  light  differed  from  those  produced 
liy  Rantgen  rays,  inasmuch  as  the  former  were  not  affected  by 
stnmg  electric  fields,  whereas  the  formation  of  the  latter  was 
alniDBt  entirely  prevented  by  such  fields.  If  the  clouds  due  to 
«llrii.\iolet  light  had  been  due  to  the  ionisation  of  the  gas  the 
'"Da  would  have  been  removed  by  the  field  and  the  clouds  stopped. 
At  the  same  time  the  coincidence  between  the  expansions  required 
for  t,be  formation  of  clouds  under  ultra-violet  light  and  when  ions 
^  present  is  so  remarkable  that  it  makes  us  very  reluctant  to 
^Believe  that  the  nuclei  are  different  in  the  two  cases ;  it  seems  to 
X  an  explanation  which  is  in  harmony  with  the  facts  is  that 
;gfcd  ions  do  form  the  nuclei  of  the  drops  formed  by  weak 
B-violet  light,  but  that  these  ions  are  produced  duriug  the 
iMun  of  the  gas  and  are  not  present  when  the  gas  is  at  rest ; 
I  might  arise  in  the  following  way:  we  have  seen  in 
^'pter  VII,  that  under  the  action  of  strong  ultra-violet  light  visible 
™(i8  are  formed  without  expansion,  these  clouds  being  probably 
•  to  the  formation  of  hydrogen  peroxide,  which  mixing  with  the 
'  lowers  the  ^-apour  pressure ;  now  when  the  light  is  very 
i  it  Mems  probable  that  there  may  still  be  a  formation  of 
*  0.  T.  B.  WilsoD,  PhO.  Tram.  191  A.  p.  403.  leao. 
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drops  of  water  which,  however,  in  consequence  of  the  very  amifl  , 
amount  of  hydrogen  peroxide  produced  by  the  feeble  light,  never 
grow  large  enough  to  be  visible.  Thus  we  may  regard  the  nir 
exposed  to  the  ultra-violet  light  as  full  of  exceedingly  minute 
drops  of  wiittr ;  when  the  expansions  take  place  the  air  will  insk 
violently  pEist  the  drops  and  we  get  a  state  of  things  which  m  | 
many  respects  is  analogous  to  the  bubbling  of  gas  through  water; 
when,  however,  air  bubbles  through  water  there  is,  as  Lord  Kelrin' 
has  shown,  hegati  3  air  aad  positive  in  the  water; 

thus  when  the  a  water  drops  we  should  eip«t 

the  air  to  conta  ,he  positive  ions  being  on  the 

drops ;  the  iona  .  act  as  nuclei  for  clouds  if  the 

expansion  exceec  .     K  this  view  is  correct,  then 

we  should  expec  oas  produced  by  an  espansioo 

greater  than  12^  the  expansion,  for  in  thiscose 

the  expansion  ht  nuclei  as  well  as  deposit  the 

clouds,  and  the  n  jxpansion  the  greater  would  bs 

the  number  i)f  jiu 

There  are  some  other  considerations  which  may  have  a  beanng 
on  this  question;  we  have  seen  (p.  187)  that  the  formation  of  a 
fresh  water  surfece  is  accompanied  by  the  liberation  of  ions ;  wheo 
the  cloud  of  small  drops  is  formed  by  the  weak  ultra-violet  bght 
there  is  a  creation  of  new  surfaces  of  water  and  the  probability  oi 
the  liberation  of  ions,  the  positive  ions  being  carried  by  srwJ' 
water  drops  would  only  move  very  slowly  under  an  electric  field 
and  so  might  not  be  cleared  out  by  any  field  it  is  practicable  to 
apply. 

Vincent^  has  made  experiments  on  the  clouds  formed  without 
expansion  by  ultra-violet  light,  he  finds  that  some  drops  an 
charged  positively,  others  negatively,  while  others  were  withou 
charge.  He  was  not  able  to  detect  the  presence  of  hydrogei 
peroxide. 

It  is  an  important  meteorological  question  whether  direct 
sunlight  can  produce  a  cloud  in  the  atmosphere  without  expan 
sion.  Wilson  was  not  able  to  get  a  cloud  in  a  closed  vessel  ii 
sunlight  with  less  than  the  normal  expansion  125.     He  point 
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lOirever,  that  the  conditions  in  the  open  air  are  more  tuvaur- 
to  the  pro<iuction  of  douds  than  those  in  a  closed  vessel,  for  in 
the  drops  might  ditTusc  to  the  side«  before  they  had 

e  to  grow  to  a  viaible  size,  while  in  the  atmosphere  this  way  of 

Lpe  would  not  bo  open  to  them. 

Photo-electric  effects  involve  an  absorption  of  Lti/bt. 

132.    Stoletow*  at  an  early  stage  in  the  history  of  this  subject 

attention   to   the   connection   between   the   photo-electric 

lets  an<l  the  absorption  of  the   ultra-violet  light;  he  pointed 

i  that  water  which  does  not  give  photo-electric  effects  does  not 

lorb  many  of  the  visible  or  ultra-violet  rays,  while  sohitiona 

h  aa  those  of  methyl-green  or  violet,  which  are  photo-electric, 

Iff    strong   absorption.      Hallwachsf,    who    investigated    the 

ii^ecl  iu  greater  dutad.  found  in  all  the  photo-electric  liquids 

thich  he   tried  strong  absorjition  for  the  ultra-violet  light,  but 

Ont  strong  absorption  was  not  always  accompanied  by  photo- 

dectric  effects ;  thus  for  example  the  aqueous  solution  of  fiichsine 

jihoto-electric,  while   the   alcoholic   solution   is   not,  and   yet 

tfce  ^coholic  solution  absorbs  more   ultra-violet   light   than    the 

tiiuwns  one. 

The  effects   of   increased    absorption   ai-e   shown    in   a   very 

tedutifiil  way  by  the  experiments  of  Elster  and  GeitelJ  on  the  leak 

tf  iipgative  electricity  from  surtaces  of  sodium,  pt^tassium,  and 

wtidiiim  under  different  coloured  lights.     The  experiments,  the 

mlto  of  which  are  shown  in  the  following  table,  were  made  as 

>llows :  the  rate  of  escape  from  the  three  metals  when  exposed  to 

"Kite  light  from  a  petroleum  lamp  was  measured ;  these  mea- 

itnuntB  are  given  in  the  table  under  the  heading  'white  HghU' 

'  tight  from  this  lamp  was  then  sent  through  an  ammoniacal 

•InUon  of  copper  oxide  and  the  metals  exposed  to  the  blue  light 

iw  libtaiued;   this  solution  was  replaced  by  one  of  potassium 

R'Kutle  to  get  yellow  tight,  by  one  of  potassium  bichromate  to  get 

'tige  light,  and  by  a  plate  of  deep  red  glass  to  get  the  red  light. 

ThiM  we  see  from  this  table  that  though  for  white  and  blue 

*  StaUtnw,  Fhyilkalueht  Rivut,  Bd.  i.  1893. 
f  UuliwMtlM,  Wifil.  Am.  xixvii.  p.  nG6,  IBH». 
:  Elmer  luid  Oeitd,  Witd.  An,i.  Iji.  p.  433, 1BU4. 
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lights  potassium  is  much  more  photo-electric  than  sodium,  it  is 
much  less  so  for  yellow  and  orange  light,  owing  to  the  strong  ab- 
soq)tion  of  these  rays  by  the  sodium.    The  very  great  sensitiveneaB 


1 1 


Colour  of  Light 

1 

1 

Kate  of  leak  of  negative  electricity 

1 
Na          1            K 

1 

Bb         1 

1 

1 

i 

White  

21  0 

531 

537-0 

86-8 

527-7 

Bhie 

White  

7-8 
22-6 

8-2 
21-9 

3-1 

21-9 

-2 

30-3 
52-9 

3-5 
53-9 

2-2 
52-9 

0-1 

Yellow 

339-7        1 

White  

Orange 

White  

552-3 

182-0 

627-7 

21-0 

Red  

of  rubidium  to   light  of  long  wave-length  is  another  instam 
Thus  while  the  ratios  of  the  leaks  for  rubidium  and  potassiu 
under  blue  light  were  only  3  to  1,  the  ratio  for  yellow  light  w; 
about  100  to  1. 


Connection  bettueen  the  rate  of  leak  and  strength  of  Electric  Field, 

133.     The  first  measurements  on  this  subject  were  made  by 
Stoletow*,  who  used  the  following  arrangement:    the  light  from 
an  arc  lamp  passed  through  a  hole  in  a  metal  screen,  and  aft-er 
pissing  through  a  perforated  plate  C  fell  upon  a  parallel  metal 
plate  D ;  these  plates  were  connected  together  through  a  battery, 
the  negative  pole  of  the  battery  being  connected  with  Z),  the  plate 
illuminated  by  the  light.     The  current  passing  between  the  plates 
was  mejvsured  by  a  very  sensitive  g*alvanomet«r.    By  means  of  this 
amingement  Stoletow  me;\sured  the  relation  between  the  current 
«ind  the  jvoteutial  ditferenco  between  the  plates,  making  experi- 
ments with  the  plates  at  distances  ap;irt  varying  from  about  2*5 
millimetres  to  100  millimetre's :  the  Results  of  these  experiments,  in 
which  the  gas  between  the  plates  wjvs  air  at  atmospheric  pressure, 
^'e  rv'prvsiMiteil  by  the  curves  of  Fig.  oG ;  the  abecissse  represent 
*ne    |K>tontiul   differ^nices   Ivtweini    the    plates,   the    unit    being 
1'43  vults  (^tho  electromotive  fv^r^v  of  a  Clark's  cell>;  the  onlinates 
*^p«vtw>nt  the  current  passing  l>otweon  the  plates,  the  unit  being 

*  $tol«U>w.  Journat  dt  Phtni^fU*,  iL  9.  p.  46S«  IS^. 
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M, «  VO-"  amperes ;  the  symbol  on  the  cuni-e,  for  example  x  +  25, 
;nicat*s  that  the  distance  between  the  plates  was  a;  +  25  milli- 
ntetivs,  wbere  x  is,  a  small  distance,  abi>iii  lo  nun.,  that  was  not 
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F.g.  50. 

?  liccitratoly  determined ;  the  diameter  of  the  plutes  was  22  mm. 
'ispectinn  of  the  cwrvea  shows  that  when  the  distance  between 
P'atas  in  small  and  the  electromotive  force  large  the  current 
much  more  slowly  than  the  electromotive  force;  it  ia, 
evidently  far  fr»m  saturation;  while  when  the  plates 
•eparateil   by   distances  greater   than   25  mm.   there  is   no  ■ 

:h  to  saturation.  The  curves  corresponding  to  the  greater 
iw*  between  the  plates  show  that  under  small  electromotive 
tlio  current  increases  more  rapidly  than  the  potential  differ- 
Ab  far  as  thi?  mcuaiirements  represented  in  the  figure  go 
txitnately  the  same  at  all  distances  d,  provided  V  is  pro- 
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pnrtinnal  to  (/,  V  being  the  poteDtinl  difference,  ie.,  i  is  a  fuurtWH 
of  the  nii,'aii  value  of  the  electric  force  between  the  plaWa;  tin( 
law,  a-s  8t*ilfti>w  showed  in  a  later  paper*,  dt>ea  not  apply  forufl 
groat  ntngt:  of  potential  differences,  at  lower  pressures  especiiJIy 
the  depirtiires  from  it  are  soon  very  apparent. 

Since  in  this  case  the  ions  are  all  of  one  kind  we  may  (m 
p.  207)  ajiply  the  equation, 

X  -jr. +  -J.-  , 

whtTL-  k  is  the  velocity  of  the  ion  under  unit  electric  foro 
i  the  intensity  of  the  current,  X,  and  X  the  values  of  the  elecK 
force  at  the  plate  and  at  a  point  distant  x  from  it. 

To  i'ortn  iin  estimate  of  the  variation  in  the  electric  field  whia 
iw  produced  by  the  presence  of  the  negative  ions  between  th 
plates,  let  us  t,ike  one  of  Stotetow's  experiments  in  which  under* 
electric  field  of  150  volts  per  cm.  the  current  was  3'3  x  lO" 
aMijieres.  The  velocity  of  the  negative  ions  produced  by  a  fid 
of  1  viilt  per  centimetre  has  been  shown  by  Rntherfoni  to  he  aboi 
Vo  cm. /sec.  Hence  using  electrostatic  units,  X  and  X^  beii 
the  values  of  X  at  places  a  centimetre  apart,  we  get,  puttii 
»=10~',  R  =  i-5xl(fi,  X  +  Xa  =  l,  in  the  preceding  equatio 
X  -X„  =  lilHO  or  a  little  less  than  2  volts  per  cm.,  thus  t' 
variation  in  the  strength  of  the  field  is  comparatively  sms 
Stoletow,  who  determined  the  intensity  of  the  field  between  t' 
jMirallel  plates  one  of  which  was  illuminated  by  ultra-violet  ligl 
was  not  able  to  detect  any  variation  in  the  intensity.  Schweidler 
who  investigated  this  point  at  a  later  period,  found  that  the  dist 
bution  of  potential  between  the  plates  when  the  ultra-violet  lig 
was  in  action,  was  not  quite  uniform ;  his  results  are  shown 
Fig.  .57,  where  the  curved  line  represents  the  distribution 
jKitential  when  the  light  was  shining,  the  straight  one  when 
was  not.  The  curvature  of  the  jiotential  curve  in  the  light  is 
in  one  direction,  indicating  the  presence  of  an  excess  of  negati 
ions  in  every  part  of  the  region  between  the  plates.  The  var 
tion  in  the  intensity  of  the  field  between  the  plates  has  also  be 
observed  and  measured  by  BuissonJ  and  used  by  him  to  determi 

*  SUiIetow,  Journal  de  Phytique,  ii.  9,  p.  469,  1890. 

+  Schweidler,  Wien.  Btr.  oyii.  p.  881,  1898. 

X  BakBBoii,  CompUi  Btndui,  ouvi).  p.  224,  1898. 
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fvelodty  of  the  negative  ions ;  he  finds  that  under  s.  potential 
"  I  volt  per  cm.  this  velocity  is  about  2'2  cm./sec. 


"  :;  z:           : 

'^ ■'    J    MtiwiliAwH 

'*"^Tei^^le^•  has  also  iniide  experiments  on  the  relation  betwec 
'•*TiL-nt  and   the  strength  of  the  electric  field   over  a  wim 
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rir.^  -hKr.  '^  >viiiv-w>T^j:j»cTOn«its:  his  results  for  air  at  itmo- 
sot^.-  re«*f=:i^f  *rf  sJk-tti  bj  the  curve  (Fig.  58).  It  will  be 
n-'i.-^'i  liii  »bf2  lir  $nv9un&  <<(  the  fieM  approaches  the  "nine 
oT:4>  V  .Cis,  tc^irh  is  i3>e  siavngih  required  to  produce  a  spaA 
in  '.z-i  ^iirt  fc.T\s>  'in  }iljiit»  which  were  3  mm.  apart,  there  u 
i  vtrr  jr*i*5  ;r)--ryi*i*"  in  The  carrent- 

Tris  rajs!.^  la.-rva*  x^^'  the  piK»u>^leotric  effect  in  the  neigt- 
t*:-:r*;>.>3  ,■:'  ihu  i^wriia^  j*M*i>Ti»]  w»s first  observed  by  Kreusier', 
Tt-t  r: ■..'»::;c  Kiw^tr:  ib^-  kak  from  [4ates  of  iroo,  alununiim, 
\\'i'^vr.  lis.'.  ?;'.vir  «>.i  a;i»JirMi»T<d  copper,  and  the  strength  of 
Stt^i  arie  re^wvs«HHrti  ai  ;ht  i-iirjvs  givrti  in  Fig.  59 :  the  atacias 


Pig.  53. 

measured  from  0  represent  the  difference  between  the  electromotit 
foree  applied  and  that  required  to  produce  discharge  in  the  dar 
The  increase  in  the  leak  is  so  great  that  it  cannot  be  adequate 
represented  in  a  moderately  sized  figiire,  a  better  idea  in  the  ca 
of  the  zinc  plate  can  be  derived  from  the  following  table  given  1 
'Kreusler.  V  is  the  potential  difference  and  i  the  current,  tl 
potential  required  to  produce  a  spark  was  4060. 
I.  der  Phyt.  vt  p.  398,  1901. 
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These  figures  also  show  evidence  of  an  effect  often  observed 
when  using  ultra-violet  light — the  decrease  of  sensibility  with  the 
time ;  thus  of  the  two  readings  taken  with  the  greatest  potential 
difference  the  later  one  was  very  appreciably  less  than  the  earlier 


V 

t  (l  =  10-i« 

1          ^ 

i  (1  =  10-10 

\         V 

i  (l  =  10->» 

1       Amp.) 

;      Amp.) 
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1       2530 

1        0-08 

i      3970 
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1 

I       3060 

0-17 

4040 

80-51 

^^e.  This  *  fatigue  '  of  the  plates  is  probably  due  to  oxidation,  it 
^^^  not  take  place  in  hydrogen  nor  at  very  low  pressures,  nor 
^^en  platinum  is  used  instead  of  zinc. 

The  increase  in  the  rate  of  leak  when  the  electric  field  ap- 

Pix>ache8  a  certain  strength  is  also  very  evident  when  the  gas  is  at 

^^er  pressures.    The  effect  of  altering  the  pressure  of  the  gas  was 

^^^t  investigated  by  Stoletow*,  and  subsequently  by  Schweidlerf 

^^<i  LenardJ.     Stoletow  showed  that  as  the  pressure  was  dimi- 
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*  Stoletow,  Journal  de  Physique,  il  9,  p.  468,  1890. 
t  ▼.  Sehweidler,  Wien.  Ber.  CTiii.  p.  273,  1899. 
X  LenArd,  Ann.  der  Phys.  ii.  p.  859,  1900. 
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nished,  starting  from  atmospheric  pressure,  the  current  sli{^llf 
increased,  thu  change  in  the  current  being  snml!  cuiupared  with 
that  in  the  prusaure ;  on  can^'ing  the  reduction  of  pressure  still 
further,  a  stjigu  was  reached  (if  the  eti-ength  of  the  field  was  not 
too  small)  whou  the  current  increased  rapidly  as  the  pressure 
diminished;  this  weot  on  until  the  current  reached  a  mammuin 
value,  after  which  it  began  to  decline,  but  at  the  lowest  obtainailt 
pressures  it  hivd  a  finite  value  which  was  independent  of  tlw 
strength  of  the 


The   variiitioi 

potential  diflVrer 
(copied   from  St 
between  the  pla 
curves   indicate 
Clark's  cells  (1  i 


with  the  pressure  when  iH 
Dt  is  exhibited  in  the  cuTf* 
wn  in  Fig.  60;  the  dislsn" 
etre  and  the  figures  on  tJ 
rence   expressed   in  terms 

)lt8). 


The  vahu-s  of  series  of  pressures  when  * 

distiince   between   uu»  ™,   3'71    mm.  and    the   potent 

ditt'ercnoe  about  90  volts  are  shown  in  the  following  table : 


Current 

1   rreBBUteiQ 
!   miUimetrea 

Cnrrent 

PreaBDi«  in 

miUimetrei 

Curreni 

T.''.4 

8-46 

!         2-48 

74-7 

1       0-105 

65-8 

ir.2 

13-6 

1-01 

106-8 

0-0147 

53-S 

2i 

26-4 

0-64 

108-2 

0-0047 

S'S 

32-2 

0-S2 

102-4 

0-0031 

49-5 

;t:t 

48-9 

"■275 

82-6 

We  see  by  an  inspection  of  the  curves  in  Fig,  60  that  t 
pressure  at  which  the  current  is  a  maximum  increases  with  t 
electric  force  between  the  plates:  Stoletow  has  shown  that  p 
the  pressure  at  which  the  current  is  a  maximum,  is  proportioi 
to  E'd,  where  d  is  the  distance  and  E  the  potential  differen 
between  the  plates;  this  law  may  also  be  expressed  by  saying  that 
\  is  the  mean  free  jmth  of  a  molecule  at  the  pressure  for  maximu 
current,  when  the  electric  force  is  X,  then  A'X  is  constant.  T 
curves  in  Fig.  60  show  that  at  very  low  pressures  the  curre 
is  independent  of  the  strength  of  the  electric  field,  i.e. 
satnrat-wl.   This  is  also  well  shown  by  the  following  numbers  taki 


tienArd's  paper.  V  ta  the  potential  dit!'erencQ  in  volts  and  i 
larent,  the  vacuum  was  the  beat  obtainable,  the  pressure  being 
■002  mm.  of  mercury. 


le  iTitica!  pressure  ia  of  the  same  order  of  magnitude  as  the 
■e  at  which  the  electric  field  would  be  able  to  produce 
iwge  in  the  dark ;  in  this  region  of  pressure  Stoletow  has 
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Fin.  ''I'    Uiatanoe  between  electcodes  3' 

bhat  the  ciirreul  lioes  not  depend  merely  upon  the  value  of 
pcre  K  is  the  potential  difference  and  d  the  distance  between 
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the  plates,  for  with  a  constant  valne  of  E/d  the  current  at  tl 
pressures  increases  rapidly  with  the  distance  between  the  pUu 
V.  Schweidler*  has  given  curvets  representing  the  rela 
between  the  cnrrent  and  the  potential  difference  at  ee' 
pressures.  Similar  curves  have  lately  been  obtained  by  Varlcy 
the  Cavendish  Laboratory,  some  of  these  are  reproduced  in  1 
61  and  152.     The  curves  show  three  distinct  stages ;  the  6rat  v 
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Fig.  62.     DistaDce  between  tbe  electrodcB  35  mm.     Oae  air. 

the  electric  force  is  weak,  then  the  current  increases  rapidli 
the  electric  force,  the  rate  of  increase  gradually  dies  away  ■ 
electric  force  increases,  and  the  second  stage  is  reached  whi 
current  only  varies  slowly,  at  some  pressures  hardly  at  all 

*  V.  SehweWler,  Wien.  Btr.  cviii.  p.  373,  1899, 
+  Varley,  Phil.  Tram.  A.  202,  p.  i39, 1904. 


number  of  corpuscli.-s  tmitted  by  unit  area  of  the  plate  i 
time,  then 


When  ^  is  so  small  tha 
the  velocity  of  the  ion  due 
with  the  mean  vekicitv  of  ti 


Thus  when  the  electric  the  current  obeys  Ohm'afl 

law.  For  liirgor  values  of  the  eiecinc  rorce  the  rate  of  increase  of 
the  current  with  the  electric  force  diuiinishes  and  the  current  ap- 
proaches the  saturation  value  le. 

Since 


m  being  the  m 

user  the 

ien  iind  X  its  mean  free  path,  we  have 

s  small 

leX 

nml  when  AT  i 

■     A-+   ^%' 

.    leX  Vei^x 

'           2n(c'       ■ 

Since  mc'  only  depends  upon  the  temperature,  the  rate  of 
incrciwc  of  the  current  with  the  electric  force  will  be  proportional 
to  the  mean  free  path  of  the  ion  and  so  will  be  greater  at  low 
pressures  than  at  high  ■ines.  If  the  pressure  of  the  gas  remains 
constiint  while  the  temperature  varies,  since  both  \  and  «ic*  are 
proportional  to  the  absolute  temperature  the  ratio  of  the  two  will 
be  independent  of  the  temperature,  and  the  variation  of  i  with  the 
temperature  will  depend  solely  upon  the  variations  of  I. 
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136.  Even  -when  there  is  no  external  electric  field  the  diffusion 
f  the  ions  -will  produce  a  small  current  due  to  the  drift  of  the 
legative  ions  from  the  illuminated  electrode.  If  n  is  the  density 
>f  the  negsktive  ions  at  the  illuminated  electrode,  n   that  at  the 

>ther  electrode,  the  gradient  of  density  is  — -, —  when  I  is  the 

distance   bet'ween  the  electrodes;  hence  if  D  is  the  coefficient  of 
diffusion   of  the  negative  ions,  i  the  current  through  unit  area, 

We  have  also  le  — 7=  =  i, 

V^ 

,  cnfe 

and  -7=^  =  t. 

/•     #4 
Hence  le  — ■j=^  -jz  =  2i, 


or  t  = 


le 


136.      Elster  and  Geitel*  and  Stoletowf  found  that,  with  the 

strength   of  electric  field  used  by  them,  the  rate  of  escape  of 

electricity  through  carbonic  acid  gas  was  much  greater  than  that 

through  air  or  oxygen.     BreisigJ  on  the  contrary  found  that  the 

rate   was  less  through  COa  than  through  air:   and  that  it  was 

exceptionally  large  through  the  vapours  of  ether  and  alcohol.    The 

rate  of  leak  varies  so  much  with  the  potential  difference  that 

a  comparison  of  the  rates  of  leak  for  the  different  gases  with 

only  one  value  for  the  potential  difference  is  not  satisfactory  and 

gives  little  information.     What  is  really  wanted  is  a  comparison 

for  the  different  gases  of  the  curves  representing  the  relation 

between  the  current  and  the  potential  difference.     This  has  been 

done  by  Varley§,  one  of  whose  curves  is  given  in  Fig.  63.     It  will 

be  seen  that  the  current  due  to  the  photo-electric  effect  is  with 

*  EUter  and  Geitel,  Wied.  Ann,  xli.  p.  161,  1S90. 

t  Stoletow,  C.  B.  ovii.  p.  91,  1S8S. 

t  Bieisig,  Bonn.  Din,  1S91 ;  Wied.  BeihldtUr,  zvii.  p.  60. 

§  Yar^y,  PHU  Tram.  302,  p.  439, 1904. 
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weak  electric  fields  greater  in  air  than  in  hydrogen,  vfith  stroi 
fields  it  is  greater  in  hydrogen  than  in  air.  It  would  also 
desirable  to  have  these  curves  drawn  for  ultra-violet  light 
different  wave-lengtha.  The  different  gasea  might  also  cause  t 
currents  to  differ  by  altering  the  aurface  of  the  metal  eil 
combining  with  it  or  by  condensing  on  its  surface. 


1     1 
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137.  We  shdll  now  go  on  to  consider  the  sudden  incrcasi 
the  current  which  occurs  when  the  electric  field  approaches 
intensity  requii-ed  to  produce  a  discharge  in  the  dark.  We 
I  think,  Gxpltiin  this  by  means  of  some  considerations  first  advai 
by  the  author*  to  explain  the  ionisation  pnxiuced  when  a  sti 
electric  field  causes  a  discharge  to  pass  through  a  gas.  \V 
cathode  or  Lenard  rays  pass  through  a  gas,  the  gas  beconi' 
conductor,  i.e.  it  is  ionised ;  hence  we  see  that  when  very  raj) 
moving  ions  pass  through  a  gas  and  come  into  collision  with 
molecules  the  gas  is  ionised,  the  energy  required  for  the  ionisa 

.  5,   1900;  Phil.  Mag.  t. 
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peoifling  from  the  kinetic  energy  of  the  rapidly  uionng  ions. 
I  luMinuch  a«  the  ionisation  of  ii  molecule  of  a  gas  requires  the 
f  exfienrliture  of  a  finite  amount  of  work,  a  moving  ion  cannot 
ionim'  a  molecule  against  which  it  strikes  unless  its  kinetic  energy 
eicewls  a,  certain  criticul  value,  but  when  its  energj'  does  exceed 
this  vjihic  then  a  certain  fraction  of  the  number  of  collisions 
l^etween  the  ions  and  the  molecule  will  result  in  ionisiilion.  Now 
^hen  the  ions  are  moving  in  an  electric  field,  the  kinetic  energy 
*''qiiired  by  the  ions  will  increase  as  the  strength  of  the  field 
iflcreAses,  and  when  the  field  is  strong  enough  to  make  the  kinetic 
fn^rgj-  of  the  ions  exceed  the  critical  value,  the  ions  by  their 
I'l'llisionH  wUI  give  rise  to  new  ions,  and  thus  there  will  be  an 
iiOMiae  both  in  the  number  of  ions  and  the  current  through  the 
!?<»:  it  i.'*  this  increase  which  is  so  marked  a  feature  of  the 
'■'JfTKnts  produced  by  ultra-violet  light  when  the  eleetric  field  is 


If  ;  is  the  r 


1  free  path  of  an  ion,  X  the  electric  foR-e,  e  the 


charge  nn  the  ion,  then  the  mean  kinetic  energy  given  to  the  ion 

"i'  the  electric  field  is  Xel ;  when  therefore  Sel  exceeds  a  certain 

*nti(ial  value,  ionisation  will  take  place  in  a  certain  fraction  of  the 

''"'liaiona;   let  us  denote   this  fraction  hy  f{Xel).  /{t)  being  a 

'"action  of  x  which  vanishes  when  x  is  less  than  a  ceilain  value. 

''    there    are   k    ions  per   cubic   centimetre,   then   the   number 

Lw  Collisions  in  unit  time  is  equal  to  nvjl,  where  v  is  the  average 

■'wicity  of  translation;   hence   the  number  of  ions  produced  in 

™Jt  time  per  nnit  volume  is  -jf{Xel).     A  certain   number  of 

"Hiieions  may  result  either  in  the  recombination  of  the  ion,  itr 

lliu  atlftchmi.-nt  of  the  ion  to  the  system  against  which  it  collides. 

*"  that  the  ion  ce.ases  to  be  available  for  carrying  the  current ;  let 

a  (rar,iion  ^  of  the  collisions  result  in  the  destruction  of  the  ion  as 

"""  iouising  agout,  then  the  number  of  these  ions  which  disappear 

'"ini  a  cubic  centimetre  of  the  gas  in  unit  time  is  /J   .  ■,  hence  the 

'■Weft  i,r  the  ions  pniduced  over  those  which  disappear  is  equal  to 


j'.AX,i)-» 


..(1). 


e  neglceted  tliv  Iuhb  or  inns  ilne  to  the  teoombinutlon  ol 
m  oonipiinsun  with  tliat  due  to  tlie  coilision  ot  the  i 
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We  hsivL'  by  the  equation  of  continuity,  if  u  is  the  averaj 
velocity  of  translation  parallel  to  the  axis  of  x, 

g  +  ^(«-<)-^°l/(X.O-ffl (2). 

Now  ^vhe^  the  ious  are  moving  so  rapidly  that  they  hai 
sufficient  kinetic  energy  to  act  as  ionising  agents,  their  velocr 
must  be  mainly  -l""  t^  *'"'  nlo-t^c  field,  since  when  this  field- 
absent  no  ionisat  Hence  we  have  approximate! 


When  things  ate  we  have  by  (2) 


< 


(jr  if  iis  a  firstr  approximation  we  regard  X  as  constant  we  have 

If  the  current  has  reached  the  saturation  stage  before  ionisatj 
begins,  then  nu  =  I  when  a:  =  0,  x  being  measured  &x)m  t 
illuminated  plate,  hence 

if  d  is  the  distance  between  the  plates,  then  i  the  current  is  t 
value  of  nue  when  a:  =  d,  thus 

i.e!.^""""-"    (3). 

When  this  julditional  ionisation  sets  in,  the  current  with 
const:int  vahie  of  X  increases  with  the  distance  between  ti 
plates ;  this  effect  has  been  observed  by  Stoletow".  As  long  as  ti 
ionisation  is  confined  to  that  produced  at  the  metal  plate  by  th 
ultra-violet  light,  the  current  is  determined  by  the  electric  fona 
i.e.  i  is  a  function  of  X  and  not  of  d ;  when  however  the  secondar 
ionisation  occurs  i  is  a  function  of  both  X  and  d. 

*  Stoletow,  Journal  dt  Phy$ique  [2],  ii.  p.  168,  1890. 
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The  point  at  which  the  secondary  ioniaatioQ  begins  is  when 
Xet  han  a.  certain  definite  value ;  aa  t  the  mean  free  path  uf  an  ion 
is  inversely  proportiooal  to  thf  pressure,  the  value  of  X  required 
Ui  start  the  swcondar^'  ionisation  will  be  directly  proportional  to 
the  pressure ;  the  curves  given  by  v.  Schweidler*  for  the  relation 
hetwiM?n  the  current  and  electromotive  force  at  different  pressures 
show  that  his  experiments  are  in  fair  agreement  with  this  result, 
he  only  gives  approximate  values  for  the  pressures,  and  there 
■^'e  faardly  sufficient  points  determined  on  the  curve  to  enable 
"s  to  fix  with  accuracy  the  points  at  which  the  secondary 
'uniaatioD  commences:  but  from  an  inspection  of  his  curves 
^  should  say  that  at  a  pressure  of  750  mm.  secondar)'  ionisation 
''*^gaB  when  the  difference  of  potential  between  his  plates,  whose 
''•stance  apart  is  given  as  between  3 — 5  mm.,  was  equal  to 
^''Oo  volts:  at  130mm.  to  1150  volts,  and  at  17  mm.  to  about 
'■*0  volts. 

It  is  evident  that  the  current  cannot  go  on  continually  in- 
1  the  pressure  diminishes,  for,  when  the  free  path 
comparable  with  the  distance  between  the  plates,  there 
be  verv  few  colliaiona,  and  therefore  little  if  any  secondary 
flttion  ;  in  the  limit  when  the  pressure  is  indefinitely  reduced, 
number  of  ions  reaching  the  plate  not  exposed  to  the  light 
'■'ttst  equal  the  number  leaving  the  illuminated  plate,  hence 
^>t,h  our  previo\i8  notation  the  limiting  current  will  be  equal 

t*o  Je. 
>  The  value  of  the  free  path  at  the  pressure  when  the  cuii-ent 
'  a  maximum  is  by  equation  (3)  determined  by  finding  the 
Miieof  i  which  makes  {f(Xei)—0]/l  a  maximum,  this  condition 
%'^^^f'(Xel)Xel=^f{Xel)  —  ^,  an  equation  to  determine  Xel; 
*nUs  when  the  current  is  a  maximum  XI  has  a  constant  value, 
(hin  cjiQcides  with  Stoletow's  result  that  if  p„  is  the  pressure 
'^''  which  the  current  is  a  maximum  Xjp,„  is  constant. 

136.     We  shall  see  later  on  that  the  positive  ions  can  act  as 
"tiiwre  when  their  kinetic  energy  exceeds  a  certain  value  which 
'*  much  greater  than  that  required  to  give  this  property  to  the 
alive  corpuscles.     Tu  calculate  the  effect  of  the  ionisation  pro- 
1  by  the  ixisitivc  ions  wo  may  procee<l  as  follows,  let  m  be 
*  V.  SobweiiUcr.  Witn.  tier.  evli.  p.  27a,  18>)9. 

18 
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"1 


the  number  of  positive  ions  per  cubic  centimetre,  w  the  velocity 
of  the  positive  ion,  I'  the  mean  free  path  of  this  ion,  F(XeX)  the 
fraction  of  the  collisions  which  result  in  ionisation,  then  Deglecting 
the  recombinatiiin  of  the  iona  which  in  the  intense  fields  we  aie 
considering  will  bt-  small,  we  have,  from  the  equations  of  continuity. 

X  18  measured  in  the  direction  of  motioD  of  the  positive  ions,  tte 
rest  of  the  notation  is  **'"  ="-"-.  -'•  i^'ore. 

When  things  are  ii  _r,  and  -rr  vanish  and  sine* 


e  (nu  +  irtw)  = )',  we  ha 

d  ,      .  -en 

the  solution  of  this  eqi  on  be  regarded  as  coustante'i 


1 


where  a  and  7  are  wri  I  and  F(Xelf)/l'  respective 

and  C  is  the  constani  To  determine  C  we  hs»- " 

enw  =  /  when  x  =  0,  hence 

if  d  is  the  distance  between  the  plates  then  when  a;  =  d,  «!«  =  1,  «:^ 

If  the  distance  between  the  plates  is  a  large  multiple  of  the  fre^^ 
path  of  a  corpuscle,  then  with  these  intense  fields  e*""*"  is  very^ 
large,  thus  it  would  only  require  a  very  small  value  of  7  to  mak& 
y^t-Y)d  equal  to  a,  in  this  case  i  would  become  infinite  and  a  spark 
would  pass,  thus  when  once  the  stage  is  reached  when  ionisation 
by  the  positive  ions  begins  a  very  small  increase  in  the  field  will 
produce  an  enormous  increase  in  the  current  culminating  in  the 
passage  of  a  spark. 

139.     The  velocity  with  which   the  corpuscles  are  projected 
from  the  illuminated  metal  is  a  matter  of  great  importance,  for  if 


138^139] 


PHOTO-ELECTRIC  EFFECTS. 


275 


^  velocity  exceeded  a  certain  value  the  corpuscles  would,  near 

^  Bor&ce  of  the  plate,  ionise  the  gas  even  though  the  electric 

^  were  so  weak  that  the  kinetic  energy  given  by  it  to  the 

^^'ipascles  was  too  small  to  make  the  corpuscles  act  as  ionisers. 

^6  velocity  at  emission  of  the  corpuscles  has  been  measured  by 

-^^^Qaid*,  he  found  that  in  the  very  high  vacua  the  illuminated 

^^^^bce  continued  to  give  off  negative  corpuscles  even  when  there 

^^  a  small  charge  of  positive  electricity  on  the  illuminated  plate, 

^^oneing  that  the  corpuscles  were  projected  with  sufficient  energy 

^  itictke  their  way  against  a  small  retarding  force ;  by  measuring 

^^®    clifferences  in  the  number  of  corpuscles  projected  as  the 

P^^t^ive  charge  on  the  illuminated  plate  was  increased,  he  was  able 

^  ^^^Jculate  the  number  of  corpuscles  which  at  projection  possessed 

^y  d^gned  velocities.    He  found  that  the  corpuscles  were  not  all 

^''^^tied  with  the  same  velocities.    The  distribution  in  the  velocities 

^\  ^lie  particles  emitted  by  platinum,  aluminium  and  carbon  is 

S7^^^  in  the  following  table,  the  velocities  are  those  at  right  angles 

^  "^lie  sur£»oe  of  the  metal. 


Carbon 

Platinum 

Aluminium 

^^^^orpuscles   emitted   with  velocities 

between  12  and  8  x  lO^cm./sec.  ... 
dorpuscles    emitted    with  velocities 

between  8  and  4xl0^cm./8ec.  ... 
Corpuscles  emitted   with    velocities 

between  4  and  0 x  1(F cm./8ec.  ... 
Corpuscles  only  emitted  with  the  help 

of  an  external  electric  field 

0-000 
0-049 
0-67 
0-28 

0-000 
0165 
0-65 
0-21 

0-004 
0151 
0-49 
0-35 

1-00               1-00 

1-00 

Part,  at  any  rate,  of  the  difference  in  the  velocities  of  the 
corpuscles  may  be  due  to  the  iact  that,  as  Ladenburgf  has  shown, 
the  corpuscles  come  from  a  layer  of  finite  thickness,  thus  those 
which  come  from  the  deeper  parts  of  the  layer  will,  when  they 
emerge,  have  made  more  collisions  with  the  molecules  of  the  metal 
than  those  which  come  from  the  shallower  parts,  and  so  will  have 
had  their  velocities  more  reduced  before  they  emerge  from  the 
metal. 


*  Lenard,  Ann.  der  Phyg.  viii.  p.  149,  1902. 
t  Ladenburg,  Ann,  der  Phys.  xii.  p.  558.  1903. 
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140,  To  get  clfi'ar  of  a  conducting  surface  the  corpuscles  mac 
start  with  very  cunsiderable  velocitiea.  For  the  negatively  charged 
coi-piiscle  when  near  the  surface  will  in  consequence  of  electrostatic 
induction  be  attracted  towards  the  aurfoce,  and  will  be  dragged 
back  into  the  unrtiice  unless  its  velocity  of  projection  exceeds  a 
certain  value.  Il"  r  is  the  distance  of  the  corpuscle  from  the  metal 
surface  when  it  sUrts,  then  ^;»ty'  the  initial  kinetic  energy  must  be 
greater  than  e*/4?-  in  order  that  the  corpuscle  should  escape  from 
the  surface,  here  e  is  the  charge  and  jn  the  mass  of  the  corpuscle. 
If  r==  10-"  cm.,  tht^n  since  e/m  =  5'l  x  10"  (in  electrostatic  unita)^ 
e  =  34  X  IQ-'",  V  must  be  greater  than  9  X  10' cm./9ec.  The  velo- 
cities measured  by  L(  '  '  !  possessed  by  the  corpuscles 
after  it  had  esc^ijH^d  h  tatic  attraction  of  the  metal 
surface. 

This  dragging  bac  es  by  electrostatic  induction 

will  be  diminished  if  i  '  the  metal  there  is  a  double 

layer  of  electrificatioi  t  arise  from  a  film  of  con- 

densed gas,  with  the  {  )Utside  and  the  negative  one 

next  the  metal;  in  th  ic  field  between  the  coatings 

will  help  to  pull  the  from  the  metal.     We  have 

very  considerable  evid  the  existence  of  such  hiyers, 

and  the  fact  observea  it  the  photo-electric  stream 

from  platinum  could  be  increasea  lumo.it  tenfold  by  charging  it-s 
surface  electrolytically  with  hydrogen,  suggests  that  these  layers 
may  produce  exceedingly  large  effects. 

This  is  what  we  should  expect  from  the  values  of  the  velocities 
of  projection  obtained  by  Lenard ;  an  inspection  of  the  table  shows 
that  in  the  case  of  carbon  95  per  cent,  of  the  corpuscles  are 
projected  with  velocities  less  than  4  x  10'  cm./sec.,  this  velocity  is 
that  acquired  by  the  fell  of  the  corpuscle  through  a  potential 
difference  of  5  volt.  Thus  a  gas  film  at  the  surface  of  the  carbon 
with  a  potential  difference  of  5  volt  (the  negative  coating  being 
■outside)  would  practically  entirely  stop  the  emission  of  corpuscles 
from  the  illuminated  carbon. 

141.  The  greatest  velocity  of  projection  found  by  Lenard  was 
that  corresponding  to  the  fall  of  the  electric  charge  on  the 
corpuscles  through  a  potential  difference  of  about  5  volts,  from  his 
experiments  he  came  to  the  conclusion  that  a  corpuscle  did  not 

"  WuH,  Aim.  der  Pkyi.  ii.  p.  M6,  1903. 


JM-Ul]  PHOTO-ELECTRIC   EFFECTS.  277 

pfodiice  ions  by  collision  with  molecules  unless  its  velocity  were 
Ht  least  that  due  to  the  ia.\\  of  its  charge  through  a  potential 
difference  of  11  volts.  It  is  evident  however  that  these  rapidly 
moving  corpnscles,  jnet  expelled  from  the  metal,  will  require  leas 
•energy  to  bring  their  velocitiea  up  to  ionisiag  point,  than  those 
frpiiscles  in  the  body  of  the  gas  which  have  had  their  velocities 
nditced  by  repeated  collisions  with  the  molecales  of  the  gas.  so 
fet  a  comparatively  weak  electric  foroi  closer  to  the  plate  will 
Muse  ionination  to  take  place  in  that  region.  The  lonisation  by 
wllision  in  a  case  like  this  differs  from  that  previously  investigatod, 
"uatDUch  as  it  is  confined  to  the  region  close  to  the  iUununated 
8'irftce,  and  does  not  take  place  in  the  rest  of  the  field.  The  effect 
"f  this  increased  ionisation  close  to  the  surfece  in  the  current  is 

IUiich  the  same  as  if  the  number  of  corpuscles  emitted  by  the 
«rfcce  were  increased.  An  inspection  of  the  curves  given  by 
f*riey.  Figs.  61  and  62,  suggests  that  something  of  this  kind  must 
■*ce place;  we  see  fixjm  these  that  when  the  preseui-e  is  low,  but 
^t  too  low,  say  about  1  mm.,  the  current  under  an  electric  field 
**^  small  to  give  a  corpuscle  starting  from  rest  enough  energy  to 
"^^-ke  it  act  as  an  ioniser  is  greater  than  the  saturation  current  in 
'■^^  highest  vacuum,  the  latter,  if  no  aurtace  films  are  removed  by 
***«  reduction  of  prassure.  is  the  measure  of  the  number  of  cor- 
I*'*laeles  given  out  by  the  illuminated  surface.  Since  in  the  gas  at 
^  tnm.  the  current  is  greater  than  this  saturation  current,  even 
_**'1ien  the  electric  field  is  comparatively  weak,  there  must  be  more 
^*»II8  than  are  given  out  by  the  metal  plate,  these  on  this  view  are 
frrodnced  by  collisions  close  to  the  electrified  plate. 

It  is  interesting  to  notice  how  small  the  amount  of  energy 
carried  away  by  the  stream  of  corpuscles  ejected  by  the  ultra- 
violet light  is  in  comparison  with  that  emitted  by  ordinary 
thennal  radiation.  In  Lenard's  experiments  quoted  on  page  263 
the  saturation  current  was  about  25  x  10"'°  coulombs/sec.  If  the 
corpuecies  were  all  ejected  with  the  velocity  due  to  a  fall  of  their 
Aarge  through  5  volts  (this  is  considerably  above  the  average) 
{lie  nuinlwrof  ergs  emitted  per  second  would  be  6xlO'x25xlO~'* 
r  I'Sd.  The  illuminated  surface  had  an  area  of  about  7sq.  cm., 
i  that  the  number  of  ergs  emitted  from  1  sq.  cm.  per  second  was 
aly  '18.  The  number  of  ergs  radiated  per  sq.  cm.  per  second 
I  black  body  at  0°C.  is  about  25,000. 
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".h:    ■-:ie:-'"    .f   'i**    Viniii«:t*s    j*   3i»i:    me  "ai   "Siii 
I  v.r.   ".Ik  v.rjiiwr'K    .f  "jIh  -ist^fnae  iusw:-  ^tjusl  -■^^■""■i  "u  * 
A-KT.-r'.mii.tfni-^.r.  Ti^.rr   \t  l^tfan  wj-iuiS'  Ji  "Slat   miaUKiL  V^bli^ 

V^V".  rA    .VA7     V^    ^rVr:rV:ft     ^.Cl     TOf:     ft^lOU    3L    1SU>    illizn 

t.f.s%T,     TV.  ..>  '.r.  *r..*  "'  .-:'v  ^&^  ^zpcIs^jCL  •:r^  cbe  cucpsKfe  faioa  the 

*  .ff^^fiktjTA'.  ,.«  '':  .<;  v^  &  jcirxi  of  r:xpi*'i«i-jci :  in  sk-  cftw  of  la 
"s^ff  «';r/<rAry>:  i^:.^  f:xpi^if*io!i  qqaj  be  aa  expkaott  «f  the 
'<?*/>.  ^.  rr..;(r.^.  >>;  yr^Airjhii  by  a  reanmngement  of  Mcae  of  the 
^/«r(/  «a/.>y  '.f   «'hi<:h  \\  rciftv  b^  ^Tippceed  to  be  coutmcted.  and  tlie 

•  u*'t'/'*  *.*.r.  »fii':h  the  corpaTci-Wf  are  pn>ject«d  may  be  denT«d 
ff'/f/<  ^h<:  iriVTiri^l  'rnerg}'  of  the  atom.  On  this  viev  the  snlettiice 
i-f  V,  wyir/i'r  ^.xU'U*  altered  by  the  incidence  of  the  ohnHriolet  light, 
;t/f/l  if  t.h<'  ^'iF^Vince  in  SkU  element  we  may  snppoee  that  some  of 
i^A  nf/fffiif.  hav<:  ^^;erj  change^].  We  have  as  yet  no  direct  evidoice 
'/f  ^ttf-.U  ;t  f\iixui£/:,  ijnl'r^j*  part  of  the  phenomena  erf'  "frtigue^ 
ii^i  f,  2H7 )  iiT*',  fUitz  to  it.  A  .simple  calculation  will  show  that  the 
htunuuy  of  titiitU'S  f:hsin^f:fl  by  the  emission  of  corpuscles  nnder 
ullftv  vf//|fj,  li;{ht  would  in  the  course  of  any  feasible  experiment 
}it'  iH'i'n\\uy\y  Hmall.  A  phot^>-electric  stream  of  10"^  coulombs 
ji^'f  M-^'Ofid  \9i-T  M/juanr  centimetre  is  one  of  more  than  average 

*  Ii«;riftH,  Ann.  der  Phtfi.  Tiii.  p.  149, 1902. 
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iiilenatj',  yet  it  would  require  such  a  stroam  to  flow  uninter- 
riijitedly  for  300  years  before  all  the  atoms  in  a  surfiice  layer  of 
thr  subetance  had  changed  their  character.  We  arrive  at  this 
number  in  the  following  way.  The  corpuscles,  as  Ladenburg*  haa 
Hiwma.  have  their  source  in  a  layer  of  finite  thickness.  Ho  found  on 
cutting  a  glass  plate  with  layers  of  nickel  of  different  thicknesses 
ihstthe  photo-electric  effect  increased  with  the  thickness  of  the 
nickel  as  long  as  the  thickness  was  less  than  lO'^cm.,  when  this 
tfckness  waa  reached  the  phot«-electric  effect  became  normal  and 
imfepeDdent  of  the  thickness.  Hence  we  may  suppose  that  the 
supply  of  corpuscles  is  drawn  from  a  layer  10"*  centimetres  thick, 
the  number  of  molecules  in  the  portion  of  this  layer  having  a 
tnittice  of  1  square  centimetre  is  of  the  order  10".  If  each  of 
tneie  molecules  supplied  only  one  corpuscle,  the  amount  of 
fiectrieity  on  the  corpuscles  would  be  about  1  coulomb,  hence 
1  second  only  10"'°  coulombs  are  set  free,  it  would  take 
30"  seconds  or  more  than  300  years  before  all  the  molecules  in 
« iayer  had  exploded ;  while  if  the  energy  of  the  explosion  were 
Sufficient  to  liberate  more  than  one  corpuscle  this  period  would 
"itp  to  be  greatly  extended.  It  would  be  interesting  to  see  if  the 
Iifiperties  of  a  thin  film  of  an  intensely  photo-electric  substance 
'lie  rubidium  suffered  any  change  after  prolonged  exposure  to 


i'holo-electric  KfffCt  depends  upon  the  oneiUation  of  the  plane 
of  polarisation  of  the  Liifht. 

143.  Elster  and  Geitelf  made  the  very  interesting  discovery 
when"  the  incident  light  is  plane  polarised,  the  photo-electric 
it,  the  intensity  and  angle  of  incidence  being  the  same,  is 
Iter  when  the  tight  is  polarised  at  right  angles  to  the  plane  of 
lence  than  when  it  is  polarised  in  that  plane.  On  the  Electrij- 
ftic  Theory  of  Light  there  is  in  light  polarised  at  right  angles 
«ie  plane  of  incidence  an  electric  force  with  a  component  normal 
5  the  reflecting  surface,  when  the  light  is  polarised  in  the  plane 
e  the  eiectric  force  is  parallel  to  this  surface.  The  most 
lient  way  of  investigating  the  effect  of  polarisation  is  to 

E  lAdaslnire,  .Inn.  lUr  Pliyt,  lii.  p.  666.    1908. 

I  Elrter  uid  Uritel,  WUd.  Ann.  Ui.  p.  133,  im* ;  It.  p.  684, 1S9S ;  Ixi.  p.  445, 
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US".-  a  lii^ui<i  -iiri'.icf,  as  it  is  important  that  the  reflecting  si 
should  be  sui-iih.  and  to  choose  a  liquid  which  is  sensitive  "»*> 
ordinary-  light  ;!,«  it  is  then  possible  to  use  a  Nicols  prism  '•o 
polarise  the  light :  the  liqnids  iised  by  Elster  and  Geitel  were  t*ie 
liquid  allov  ■■i'  ?"dium  and  potassium,  and  amalgams  of  rubidiiB.  m 
and  caesium  :  iht-st-  were  placed  in  vessels  from  which  the  ^r  ^^as 
exhausted  and  the  tate  of  escape  of  negative  electricity  observed 
with  light  incident  <mi  the  surfeces  at  different  angles.  Some  o( 
the  results  "btained  in  this  way  are  given  below,  data  were  tiaot 
given  to  enahlf  us  to  say  to  which  stage  of  the  curve  connectL»g 
the  rate  of  .^c^ipi'  of  negative  electricity  with  the  electromot*- v* 
force  the  oV.isit\  atic 

Rate  of  es&ipe  (t)  o  todium  potassium  amal^e^ji 

exposed  to  vjhit*  tt  right  angles  to  iJie  plans    o 

incidence. 
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Rate  of  escape  (i)  of  electricity  from  the  same  cell  exposed  iv 
white  light  polarised  in  the  plane  of  incidence. 
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Thus,  except  at  perpendicular  incidence  when  the  two  are" 
necessarily  equal,  the  leak  caused  by  the  light  polarised  in  the 
plane  of  incidence  is  very  much  smaller  than  that  caused  by  light 
polarised  at  right  angles  to  this  plane,  and  we  see  too  that 
whereas  in  the  former  case  the  current  continually  diminishes  as 
the  angle  of  incidence  increases,  in  the  latter  it  increaaee  with 
the  angle  of  incidence  until  the  latter  is  about  60°,  after  this  the 
current  decreases. 


ElAter  and  Geitel  have  detcTuiioed  how  the  amount  of  light . 
absorbwi  by  the  metal  varies  with  the  angle  of  incidence  for  light ) 
plnrised  in  And  at  right  angles  to  the  plane  of  incidence.     Thej 
'ilworplioim  and  the  corresponding  photo-electric  currents  are  shown 
in  Fig,   64.      Curves   (1)   and  (2)   represent   the   photo-electric 
cu[Rtit9  due  to  light  polarised  at  right  angles  and  in  the  plane  of 
incidence  respectively,  curves  (3)  and  (4)  the  absorptions  of  the  light 
ui  these  cases.     It  will  be  seen  that  in  each  case  the  current  and 
""Sorption  increase  and  decrease  together,  but  that  a  given  amount 
"f  absorbed  light  is  very  much  more  efficacious  in  producing  dis-  __ 
charge  when  its  plane  of  polarisation  is  at  right  angles  to,  than 
^'len  it  is  in,  the  plane  of  incidence.    The  connection  between  the 
""Sorption  and  current  is  made  clearer  by  the  following  considera- 
tions gi%'en  by  Elster  and  Geitel,     Suppose  the  intensity  of  the 
'oeident  light  polarised  at  right  angles  to  the  plane  of  incidence 
■*  unity,  let  the  amount  of  light  absorbed  when  the  angle  of 
"*eidence  is  ^  be  a^,  and  ag  when  ^  =  0.  then  when  the  angle  of 
^cidence  is  ij>,  the  component  of  the  electric  force  parallel  to  the 


'^ 

ij 

.. 

— 1 

~-~ 

' 

,- 

-' 

^ 

,v 

--, 

-,- 

- 

4 

/ 

• 

\ 

/ 

^ 

/ 

',\ 

/ 

'\\ 

/ 

^ 

/ 

')[ 

a 

1 

_ 

_ 

■ 

J 

9  proportional  to  cos  <^,  and  the  energy  corresponding  to 

•  component  to  cos'  ^ ;  the  amount  of  this  energy  absorbed  will 

»'0.  hence  a^  — ffl„co8'0  will  be  the  energy  due   to  the 

c  force  at  right  angles  to  the  surface  absorbed  by  the  metal. 

;  /#  IB  the  current  when  the  angle  of  incidence  is  <j>,  I„  the 
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current  when  the  angle  of  incidence  is  zeni  for  unit  intensity  a 
light,  the  intensity  due  to  the  electric  force  parallel  to  the  aurfao 
is  cos'  ^,  the  current  due  to  this  is  /„  cos'  0.  hence  the  curren 
arising  from  the  component  of  the  electric  force  perpendiculap  b 
the  surface  may  be  taken  to  be  /^  —  /o  cos'  ^.  Now  Elater  an 
Geitel  have  shuwn  that  a^  -  a„  cos"  ^  and  /^  - 1„  cos=  ^  are  approxs 
mately  j>rop<irtional  to  each  other ;  this  is  shown  by  the  two  cuire 
in  Fig.  65,  which  romrpi^'nt  thp  variation  of  the  two  quantitie 
with  the  angle  o  continuous  line  represents  Ui 

variation  of  the  c  line  that  of  the  absorption. 


Angle  or  iDsidenee. 
Fig.  65. 


If  we  take  the  view  that  the  photo-electric  effect  is  due  U 
the  emission  of  negatively  electrified  corpuscles  from  the  metal 
we  can  explain  the  influence  of  the  orientation  of  the'planes  o 
]K>larisation  as  follows.  We  may  suppose  that  the  energy  fron 
the  light  absorbed  by  the  metal  goes  into  some  of  the  corpuscles 
giving  them  sufficient  kinetic  energy  to  escape  from  the  metal 
just  as  they  are  able  to  do  at  a  very  high  temperature.  Thesi 
corpuscles  have  acquired  from  the  ultra-violet  light  veiy  mucl 
more  kinetic  energy  than  is  possessed  by  a  molecule  of  a  gas  at  thi 
temperature  of  the  metal ;  thus  every  collision  a  corpuscle  make 
with  the  molecules  of  the  metal  will  result  in  a  loss  of  Idnetii 
.  energy,  so  that  if  it  is  to  escape  from  the  metal  it  is  important  tha 
I  it  should  make  as  few  collisions  as  possible  before  reaching  tbt 
lurface,  i,e.  that  it  should  move  approximately  at  right  aag 
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'he  snr&ce.  When  the  light  is  polarised  at  right  angles  to  the 
(tln.ne  of  incidence  there  is  a  component  of  the  electric  force  at  i 
rigbt  angles  to  the  surface  which  will  direct  some  of  the  corpuscles 
'ci  this  direction,  when  however  the  light  is  polarised  in  the  plane ' 
'*f  incidence  the  electric  force  is  parallel  to  the  surface  and  tends 
to  make  the  corpuscles  move  jjarallel  to  the  sur^e  instead  of 
to^ratds  it ;  thus  the  corpuscles  have  in  order  to  escape  to  make  | 
rrtdrc  collisions  in  this  case  than  the  fonuer,  and  so  are  leas  likely 
*;<^  reach  the  sur&ce  with  sufficient  energy  to  escape  from  it. 

The  experiments  of  Elster  and  Geitel  were  made  with  light  in 
*-he  visible  Bpectnim  as  the  substances  they  used,  sodium  and 
P*»t«swum  alloy  and  rubidium,  gave  large  photo-electric  effects 
^"ith  Ught  with  long  wave  length:  the  effect  does  bot  seem 
Appreciable  when  ultra-violet  light  is  used,  for  both  Lenard*  and 
Ladenburgt  have  found  that  with  this  light  the  photo-electric 
*'ffect  depends  solely  upon  the  intensity  of  the  light  snd  is 
"^dependent  of  the  plane  of  polarisation  or  the  angle  of  incidence ;  ] 
*hia  is  in  agreement  with  I^enbui^'s  result  that  the  source  of 
the  photo-electric  effect  is  a  layer  of  finite  thickness,  as  the  light 
*fier  entering  the  metal  would  rapidly  lose  the  peculiarities  of 
polarisation  of  the  incident  light. 

Injluence  of  Temperature  on  the  Photo-electi-ie  Effect. 

IM.  The  influence  of  the  temperature  of  the  metal  on  the 
pn<, to-electric  effect  has  been  investigated  by  HoorJ,  Stoletow§, 
Plater  and  Cieitel||,  RighiH,  and  Zeleny".  Hoor  found  that  the 
"^nmtivoncss  of  a  zinc  plate  to  light  diminished  when  the  tem- 
I*«!tature  was  rai8e<l  from  IS'  to  55°.  Stoletow  found  on  the  other 
''*Oil  that  mising  the  temperature  to  200°  C.  increased  the  sensi- 
"■'^eiitsB.  Elster  and  Geitel  that  an  alteration  of  temperature  had 
"^  t'ffect  on  zinc  Righi  found  that  the  positive  charge  given  by 
'Knt  to  a  previously  uncharged  plate  was  greater  when  the  plate 


Ii«aud,  .ItiH.  tlrr  Phyi. 
t  lAdntbnrg.  Ann.  der  Fhyi.  xii.  p.  5-58.  llMia. 
:  Hooi,  Witn.  BeHeblt.  icvii.  p.  Tl'J,  1868.     Kzner 
I  BMlalqw,  ComjifM  Btndut,  OTiii.  p.  1241,  1989. 
•  Elnw  and  UeiCel,  Witd.  Jnn.  ilviii.  p,  635,  1893. 
^  UrU,  am  Itt.  I'm.  xa.  Uem.  11. 
'  Zdtiqr.  Phykal  Utvim.  xii.  p.  331,  1901. 
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was  h.it  than  when  it  was  cold:  we  must  remember  that  a 
of  air  blowing  acroea  the  plate  increases  the  positive  char 
that  part  of  the  effect  observed  by  Bighi  may  have  been  due 
currents  set  ap  by  the  hot  plate.  In  conaidering  the  int^ 
tation  of  these  seemingly  discrepant  results  wo  niuat  renit 
that  the  circumstances  which  affect  the  sensitiveneae  of  the 
to  the  light  will  depend  veiy  much  upon  the  strength  of  the 
Thus  supponinff  we  are  denlinir  with  a  strong  field  and  th 
surrounding  ^n  exceedingly  low  pressur 

photo-electri  ie<l  and  measures  the  numi 

corpuscles  gi  tal  in  unit  time  ;  measureme 

the  effect  ol  B  case  would  admit  of  a  pei 

definite  intei  i  the  gas  is  at  a  high  pressui 

the  strength  t,  i.c,  when  we  are  working  ' 

earlier  jiart  o  ting  the  current  and  the  el 

motive  force,  ition  of  the  effect  of  tempe 
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Temperfttnre. 

Fig.  6e. 

is  ambiguous,  for  the  current  at  this  stage  depends  not  only 
the  rate  of  emission  of  the  corpuscles,  but  also  upon  elo 
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pons  through  the  gas.     Now  the  increase  in  temperature  may 
m  the  pressure  of  the  gas,  and  hence  the  velocity  of  the  ions 
ifOQgh  it.  and  it  would  require  further  experiments  to  disentangle 
his  effect  of  the  velocity  of  the  iona  from  the  effect  on  the  rate 
1  emission  of  the  corpuscles  from  the  plate.     The  experiments 

tijecCiftii,  as  the  effect  of  the  gas  is  eliminated,  and  in  this  cose 
ley  found  an  inci'eaae  in  the  current  of  about  50  per  cent,  when 
ie  temperature  was  increased  from  20°  to  60° ;  from  some  experi- 
ments made  by  the  writer  it  appears  that  when  the  temperature 
« tused  considerably  higher,  say  to  200°,  there  is  a  very  great 
increase  in  the  ciurent  from  the  alkali  metals,  and  that  these  are 
piyniuch  more  sensitive  to  light  at  high  temjjeratures  than  they 
«  low. 
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who  measured  the  current  from  platinum 
nltra-violet  light  and  surrounded  by  air  at  atn 
und  that  from  platinum  the  current  first  t 
perature   increased,   reached   a   minimum,   a 
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increased  with  the  temperature  as  far  aa  the  highest  temperati 
used.  The  resnlts  showed  a  curious  hysteresis  effect  in  the  corro! 
obtained,  when  the  metal  was  cooling  they  were  greater  than  th" 
at  the  samo  leiuperatare  when  the  wire  was  getting  hotter.  Th- 
results  are  indicated  in  the  curves  shown  in  Fig.  67,  where 
represents  the  currents  corresponding  to  omtinuously  increaai 
temperature^!,  (ii)  thoee  for  continuously  decreasing  tempeiatui 
(iii)  those  tor  inmuuonir  tcmTipraturea,  and  (iv)  for  decrew] 
temperaturi?^  w  ooled  to  the  temperature  of  i 

room  between  i  These  observations  show  tl 

heating  the  wir  ii&ngo  in  the  surface,  possiblj' 

the  amount  <>f  m  it  or  absorbed  by  the  me 

from  which    it  ers.     With  iron  the  minim 

current  is  not  r  tarked  as  with  platinum,  noi 

there  so  gi-eat  i  en  the  curves  for  increasing' 

those  for  decree  on  the  other  hand  the  pho 

electric  curri?nt  pidly  with  the  temperature  . 

iron  than  frir  platmum,  tne  cuiit..t  at  700°  C.  bt.'ing  for  iron  abo 
40  times  the  current  at  15°  C,  while  for  platinum  the  current 
700° C.  was  only  about  25  times  that  at  15° C. 

Zeleny  also  investigated  whether,  if  the  metal  were  raised 
a  temperature  just  below  that  at  which  it  would  begin  to  give 
positive  ions  in  the  dark,  it  could  be  made  to  give  off  positive  ic 
by  the  incidence  upon  it  of  ultra-violet  light;  the  positive  ic 
were  however  not  produced  at  a  lower  temperature  in  the  iig 
than  in  the  dark.  Nor  when  the  metal  was  raised  to  the  te 
perature  at  which  the  positive  ions  were  produced  was  the  n 
of  production  increased  bj'  the  incidence  of  ultra-violet  light. 

At  high  temperatures  the  streams  of  electricity  ftura  in« 
descent  metals  are  so  lai^e  in  comparison  with  those  due 
photo-electric  effects  that  variations  due  to  the  latter  can  oi 
be  detected  with  great  difficulty.  The  photo-electric  variati 
with  temperature  might  more  conveniently  be  studied  by  cooli 
the  metal  to  very  low  temperatures  such  as  those  of  liquid  air 
hydrogen,  this  does  not  however  appear  to  have  been  done, 
would  also  be  interesting  to  see  if  the  effects  due  to  temperatt 
are  connected  with  changes  in  the  amount  of  gas  absorbed  by  t 
metal. 
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t  of  the  ions  produced  by  the  action  of  tiltra-mnet  i^ 
on  mtiaU. 

146.     The  eiperiinenta  made  by  the  author  and  Lenard  (see 

p.    135)  show  that  in  high  vacua  metals  when  ilhiniinated  with 

altiB-violet  light  give  out  corpuscles,  i.e.  bodies  whose  mass  is 

only  about  y^^  of  that  of  the  hydrogen  atom ;   when  however 

fch*  meul  IB  surrounded  by  gas  the  corpuscles  soon  strike  against 

the  molecules,  get  attached   to   them   and   have  to  drag  them 

ad<jng  with  them  as  they  move  under  the  action  of  the  electric 

field.    The  velocity  of  the  negative  ions  through  different  gases 

has  been  measured  by  Butherford  (see  p.  61).  who  showed  that 

the  velocity  of  the  ion  did  not  depend  upon  the  nature  of  the 

■nettil  on  which  the  light  fell,  but  that  it  did  depend  on  the  nature 

"f  the  gas  through  which  the  ion  had  to  travel,  and  that  the 

velocity  through  any  gas  of  the  negative  ion  produced  by  ultra- 

noJet  light  was  very  approximately  the  same  as  that  of  the  ion 

("wluced  by  Bontgen  rays  through  the  same  gas. 

The  diminution  of  the  photo-electric  effect  produced  by  a 
ti&aBverse  magnetic  Held  when  the  presaui-e  of  the  gas  is  low, 
"hich  was  discovered  by  Elster  and  Geitel*.  has  already  been 
•Jiscuased  on  page  136, 

The  photo-electric  effect  seems  to  disappear  immediately  the 

light  is  cut  off.     Stoletow-f-,  who  made  a  series  of  experiments  on 

kia  point,  could  not  obtain  any  evidence  that  there  was  any  finite 

l^t^rval  between  the  incidence  of  the  light  and  the  attainment  of 

■  •*«  full  photo-electric  effect,  or  between  the  eclipse  of  the  light 

^Ttnuj  ti,g  tutal  cessation  of  the  effect,  and  he  showed  that  the  inteiral 

noat  nt  any  rate  be  less  than  jt}^  of  a  second. 

Photo-electric  Fatigue. 
146.    The  rate  of  emiaaiim  of  negative  corpuscles  from  some 
!*t*ls  is   much  greater  when  a  clean  surface  is   first   exposed 
tiltra-violet   light   than   it   is  after  the   exposure   has   lasted 
The   cause   of  this  effect,  which   is  known   as 
••oio-electrie  fetigue,"  haa  not  yet  been  fully  made  out,  and  thei-e 
Mme  discrepancies  in  the  results  of  the  experiments  which 
*^  been  made  upon  it.     There  seems  no  doubt  that  it  varies 
'  Rlitei  and  Osilel.  Wild.  Ana.  xli.  p.  IGfi.  1S90. 
t  9h)Uto«,  AktinotUktriuht   UnlernieliUfaen,  ['hyiliaVnch.  Hevue.  i.  p.  725, 
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grently  (1 )  for  different  metals.  (2)  with  the  gas  in  which  the 

is  phiced,  and  (3)  with  the  quality  of  the  ultra-violet  light 

Jja<lenbiirg"  found  that  aluminium  in  a  high  vacuum  sboi 

Iktiguc,  whereas  the  tatigue  for  silver  was  very  well  marke 

surface   uf  the   silver  was   roughened   by  the  ultra-riolet 

RuggtMting  that  particles  of  silver  had  been  torn  from  the  s 

while  the  aluminium  surface  was  not  affected.    Ladenburg  s 

that  the  state  of  Dolish  of  the  surface  had  great  influence 

photo-electr  nd  that  while  zinc  became  r 

fatigued  in  i  i  hydrogen,  in  this  case  the  f 

tuight  bi>  aa  of  the  surface.     Fatigue  h< 

is  by  no  mei  adation,  for  Lenardf  has  ob 

it  in  the  bei  jbtain.    v.  Schweidler*  foim 

Fatigue   did  ihe  electrification  of  the  si 

and   that  it  B   rapidly  when  the  sur^ 

iRwitively  oil  slectricity  was  escaping  froi 

plate,  as  whb,  egatively  charged  and  elec 

was  strc'UKiing  oui  oi  unc  piair.      Kn.'Uylor§  and  Buisson|| 

that  fatigue  did  not  take  place  in  the  dark  and  thus  was  ( 

the  action  nf  light.    HallwachsIT,  who  worked  with  surfaces  ( 

<.'uO,  and  Cu,0,  on  the  other  hand  came  to  the  conciusior 

fatigue  timk  place  just  iis  rapidly  in  the  dark  as  in  the  ligh 

found  that  it  was  very  much  less  in  small  vessels  than  in 

(inct  or  ill  thf  open  air  and  he  attributed  it  to  the  effect  of  ■ 

The  occiirnru-e  of  fatigue  in  high  vacua  shows  that  this  cam 

the  oidy  causf  of  the  phenomenon.     A  great  many  of  the  < 

can  be  cxplatnod  by  the  formation  or  destruction  of  films  < 

on  the  Burfiice  of  the  metal,  producing  double  layers  and  ht 

or  retunling  the  escape  of  corpuscles  fix>m  the  metal.     The 

the  calculation  given  on  p.  276  shows,  might  produce  enoi 

changes  in  the  photo-electric  effects.     Buisson  has  shown  ths 

potential  difference  in  a  solution  between  a  plate  and  a  stai 

lucttil  is  altered  if  the  plate  is  taken  out  of  the  solution  and  ex] 

to  ultm-violet  light  and  then  replaced,  this  is  in  favour  of  the 

that  the  iiltra-violet  light  affects  films  of  gas  on  the  metal. 

*  Ladeuburit,  Ann.  dtr  Plujt.  lii.  p.  .550,  1(N)3. 

t  Lenard,  Ann.  der  Pliijt.  lii.  p.  WJ,  1909. 

:  V.  Schweidler,  H'tVit.  Jttr.  113,  Ua,  p.  971,  1903. 

i  KreuBler,  .^hr.  drr  Phyt.  vi.  p.  39S,  1901. 

II  Bnisma,  Joan,  dt  Phy:  [3],  i.  p.  997,  1901. 

f  HallwMhB,  Phftik.  ZeiiKhr.  v.  p.  239, 190*. 
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The  subject  of  phuto-electric  fatigue  is  one  of  great  interest, 
>^]i«'ially  in  cnnnection  with  the  view  that  the  incidence  of  the 
ultni'tiolet  light  might  produce  slow  changes  in  some  of  the 
nUiva  of  the  substanci;  illuminated  by  it.  such  a  change  might 
|irixliic*  an  effect  on  the  photo-electric  power  of  the  snbstance 
I  vtm  in  the  highest  vacua. 


Coniteftitm  between  photo-electric  effects  and  the  Jluvrescence 

and  ionisation  of  solutions. 
147.  0.  C.  Schmidt*  made  a  series  of  experiments  on  this 
subject,  with  the  result  that  there  was  no  clear  evidence  of  any 
intimate  relation  between  photo-electric  effects,  ionisation  and 
fludrescence :  for  while  in  fiichsine  there  seemed  to  be  clear 
indications  of  a  connection  between  ionisation  and  photo-electric 
t'ffecta — since  aqueous  solutions  of  fuchsine  are  photo-electric, 
*hile  solutions  in  alcohol  and  acetone  are  not.  and  fuchsine 
fi  ionised  in  water  and  not  in  the  other  solvents — the  results 
ine  seemed  decisive  against  this  connection,  as  the 
Idition  of  neutral  salts,  such  as  potassium  iodide  or  sodium 
Uonde,  destroys  the  ionisation.  while  in  aqueous  solutions  it  has 
I  influence  upon  the  photo-electric  effects.  Again,  magdala 
i  fluoresces  in  alcohol,  amyl-alcohol  and  acetone,  the  first  two 
lotions  are  photo-electric,  the  last  is  not.  Salts  which  nndei^o 
BoiQposition  in  the  light  such  as  the  haloid  salts  of  silver  are 

igly  photo-electric. 
I  In  the  case  of  water  a  change  in  the  physical  state  seems  to 
I  itccumijanied  by  a  change  in  the  photo-electric  properties,  as 
s  found  by  Brillouinf  to  be  photo-electric,  while  water 
I  tlie  liquid  state  is  not. 

'  The  opinion  has  been  advanced  by  CantorJ  and  Knoblauch^ 

■^t  the   photo-electric   effect  depends   upon   oxidiition.  on   the 

^^Und   that   the   substances,  elementary   and   compound,  which 

|^**»ibit  this  effect  are  those  which  combine  with  oxygen ;   it  is 

;  1  think,  necessary  to  distinguish  between  the  power  of 

pinning  with  oxygen  and  the  act  of  combination.     We  should 

*  O.  C.  8chtiild(.  H'fni.  Aun.  liiv.  p.  708,  1898. 

i  BriUuuin,  ^nl.  6ltetr.  liii.  p.  577.  1H97, 

:  GuiUt,  WUh.  muoitgiUr.  102,  p.  1188,  ItWS. 

I  RuAblaseh,  Zttt.f.  Phyiikalueht  Chemie.  iiix.  p,  527,  lafJ. 
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expect  the  photo-electric  substiinces  to  be  oxidisable,  as  thej 
readily  lose  negative  corpuscles,  and  thiisget  positively  charged  and 
in  a  fit  state  to  combine  with  an  electro-negative  substance  like 
oxygen ;  there  is  no  evidence  however  that  the  presence  of  oxygen 
is  necessary -for  the  photo-electric  effect,  in  fact  the  evidence  the 
other  way  seems  quite  conclusive,  for  substances  like  rubidium 
and  potaBsiiiD)  enclosed  in  highly  exhausted  vessels  seem  to 
retain  their  photo-electric  power  indefinitely,  and  any  trace  of 
oxygen  originally  present  would  soon  be  absorbed  by  the  metals. 

The  phenomena  of  photo-electric  effects  seem  to  me  strongly 
in  favour  of  the  view  that  the  chemical  effects  produced  by  light 
are  due  to  the  emission  of  corpuscles  from  some  of  the  at'^ms  of 
the  illuminated  compound  rather  than  that  the  emission  of  the 
corpuscles  is  the  secondary  effect  and  chemical  combination  the 
primary.  As  an  instance  of  how  light  might  bring  about  a  change 
in  the  chemical  properties  we  may  take  the  question  of  valency, 
or  the  electric  charge  carried  by  the  atom  in  a  compound,  this 
depends  upon  the  relative  ability  of  the  atoms  in  the  compound 
to  eject  or  attract  corpuscles.  The  phenomena  of  photo-electricity 
shows  that  this  power  is  strongly  affected  by  light,  hence  we  Rhould 
expect  that  exposure  to  light  might  affect  the  valencies  uf  the 
atoms,  and  as  a  matter  of  experience  we  find  that  many  of  the 
chemical  changes  produced  by  light  are  accompanied  by  a  change 
of  valency. 

If  the  atom  of  the  metal  has  a  charge  of  positive  electricity 
it  will  require  a  higher  initial  velocity  to  expel  a  corpuscle 
from  the  atom  than  if  the  atom  were  originally  without  charge ; 
this  may  be  the  reason  why  a  compound,  such  as  NaCI,  con- 
taining an  atom  of  a  very  photo-electric  element  should  have  very 
little  photo-electric  power;  the  positive  charge  on  the  sodium 
atom  in  the  compound  may  prevent  the  escape  of  corpuscles 
which  would  be  able  to  emerge  from  a  neutral  atom  of  the  metaL 
If  the  charge  on  an  atom  may  have  more  than  one  value,  as  in  the 
case  when  the  element  has  a  variable  valency,  the  coinjwund  in 
which  the  metal  has  the  highest  valency  and  therefore  the  greatest 
positive  charge  would  have  a  tendency  to  have  the  least  photo- 
electric power. 
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148.     We  shall  in  this  chapter  maiDly  confine  our  attention  to 

I  'ne  ionising  properties  of  the  rays,  leaving  for  future  conai deration 

"le  manner  of  their  production  and  a  discussion  of  their  nature ; 

''  will  however  be  convenient  to  enumerate  some  of  their  most 

"U|»>nanl  properties,     R<intgon*  found  in  1895  that  very  rem  ark - 

able  effects  occurred  in  the  neighbourhood  of  a  highly  exhausted 

lobe  through  which  an  electric  discharge  was  passing;  the  exhaus- 

'Jot  i)f  the  tube  being  ho  great  that  a  vi\'id  green  phosphorescence 

"Ppearwi  on  the  glass.   He  found  that  a  plate  covered  with  a  phos- 

phofiwctnt  substance  such  aa  potassium -ptati no-cyanide  became 

"iiinons  when  placed  near  the  tube,  and  that  a  thick  plate  of 

*'ta,]  cast  a  sharp  shadow  when  placed  between  the  tube  and  the 

JUate ;  while  light  substances,  such  as  thin  aluminium,  cardboard, 

'*<Xi,  cast  but  slight  shadows,  showing   that   the  agent  which 

""^^nced  the  phosphorescence  on  the  plate  could  traverse  with 

siderable  freedom  bodies  which  are  opaque  to  ordinary  light. 

*  *  general  rule  the  greater  the  density  of  a  substance  the  more 
it  is  to  this  agent;  thus  the  bones  are  much  more  opaque 

*  this  effect  than  the  Hesh,  so  that  if  the  hand  is  placed  between 
^^  discharge  tube  and  the  plate  the  outlines  of  the  bones  are 
"stinotly  visible  in  the  shadow  cast  on  the  screen,  or  if  a  purse  con- 
^ning  coins  is  placed  between  the  tube  and  the  plate  the  purse 

^'ir  casts  but  little  shadow,  while  the  coins  cast  a  very  dense 
^^.  Kontf^n  showed  that  the  agent,  now  called  Rtintgen  rays, 
l"''j'iucing   the  phosphorescence   on   the   plate   is  propagated  in 

|'*^hiight  lines,  and  is  not  bent  in  passing  from  one  medium  to 
f'Uhcr ;  there  is  thus  no  refraction  of  the  rays.     The  rays  affect  a 


*  Bdniinn.  Vitd.  Ann.  liiv.  |i.  1,  1S98  (reiiriutvd  fruni  Ihe  oriRiual  paper 
•■r^'r  Phytik.  Mtd.  OiiillKh.  1896), 
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photographic  plate  jis  well  as  a  phosphorescent  screen  ana  3 
photiipraphs  can  readily  be  taken :  the  time  of  exposure  depends 
on  thf  intensity  of  the  rays,  and  this  depends  on  the  discharge 
through  the  tube  and  on  the  substances  traversed  by  the  rays  in 
their  jmssage  to  the  plate ;  the  time  of  exposure  required  to 
produce  a  photograph  may  vary  from  a  few  seconds  to  sereral 
hours.  The  power  of  the  rays  to  penetrate  obstacles  in  their  path 
varies  very  much  with  the  condition  of  the  discharge  tube  froi" 
which  they  originate ;  when  the  pressure  in  this  tube  is  not  verj 
low,  and  the  potential  difference  between  its  electrodes  codb^ 
quently  comparatively  small,  the  rays  have  but  little  penetrstirig 
power  and  are  readily  rays  are  called  'soft  ray^- 

If  the  exhaustion  of  tj  i  much  fiirther,  so  that  tt»<^ 

jMitential  dift'erencc  be  rodes  is  greatly  increase*^. 

the  RUntgen  rays  hav*  penetrating  power  and  a.**^ 

calk'd  '  hard  rays."     >  hly  exhausted  bulb  and      * 

large  induction  coil  it  et  rays  which  will  produ*^ 

appreciable  effects  aftK  gh  sheets  of  brass  or  ir*:»>* 

several  millimetres  thi  oee  in  i)eiietrating  power     i* 

well  shown  by  observi  s  which   take  place  in  t*^** 

shadow  of  a  hand  on  a  t  screen,  oa  the  pressure     *^' 

the  gas  in  the  dischar  lually  reduced.     When  E»r-«^ 

the  niys  appear  they  are  so  '.sott.  tliat  they  are  stopjied  by  it^* 
Hosh  jis  well  iis  the  bones,  so  that  the  bones  are  very  indistinct> -*- 
seen;  when  the  exhaustion  proceeds  further  the  rays  get  hard^^* 
and  art-  able  to  penetrate  the  flesh  but  not  the  bones.  At  tb^»  * 
stagi'  the  diffonmce  between  the  shadow  of  the  flesh  and  tf^' 
Ixmos  is  most  distinct ;  when  the  exhaustion  proceeds  further  t^^' 
rays  get  so  hard  that  they  are  able  to  penetrate  the  bones  as  w^^' 
tw  the  flesh  and  the  shadow  again  becomes  indistinct.  Not  oi» '- 
may  the  rays  from  different  discharge  tubes  be  different,  but  ev^* 
the  «ime  bulb  may  emit  at  the  same  time  rays  of  different  degr^^' 
i)f  hardness.  The  property  by  which  it  is  moat  convenient  *^ 
identify  a  niy  is  its  hardness,  and  this  is  conveniently  measur^^ 
by  the  amount  of  absorption  when  it  passes  through  a  layer  " 
aluminium  or  tinfoil  of  given  thickness.  Now  in  some  expen' 
ments  made  by  the  writer  and  M'CIelland*  on  the  absorptio" 
produced  when  the  rays  passed  through  one  layer  of  tinfoil  afbe*' 

'  J.  J.  Thomaon  and  M-'CleUuid,  Proe.  Cant.  PhU.  Soc.  is.  p.  138,  18W. 
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^xiother,  it  was  found  that  the  absorption  produced  by  the  first  few 
sheets  of  tinfoil  traversed  by  the  rays  was  much  greater  than 
that  due  to  the  same  number  of  sheets  after  the  rays  had  already 
travelled  through  several  sheets  of  tinfoil.  This  shows  that  some 
of  the  rays  are  readily  absorbed  by  the  tinfoil  while  others  pass 
through  with  much  greater  facility;  thus  the  first  few  layers  of 
tinfoil  would  stop  the  first  kind  of  rays,  while  the  remainder  pass 
through  with  comparatively  little  absorption.  M^lelland  showed 
t^hat  if  he  took  plates  of  different  metals,  the  thickness  of  the 
plates  being  chosen  so  that  they  gave  the  same  absorption  for  the 
TSLys  from  one  tube,  they  would  not  necessarily  give  the  same 
absorption  for  the  rays  from  another. 

The  B5ntgen  rays  when  they  pass  through  a  gas  make  it  a 

oonductor  of  electricity,  they  ionise  the  gas* :  the  number  of  ions 

produced  in  one  second  in  one  cubic  centimetre  of  the  gas  by  rays 

of  given  intensity  depends  upon  the  nature  of  the  gas,  and  upon 

its  pressure. 

Effect  of  Pressure. 

149.  Perrinf  has  shown  that  the  rate  of  production  of  ions 
per  cubic  centimetre  by  rays  of  given  intensity  is  proportional 
to  the  pressure  of  the  gas.  He  proved  this  by  showing  that 
the  saturation  current  through  a  given  volume  of  gas  was  pro- 
portional to  the  pressure.  In  his  experiments  the  current  passed 
between  two  large  plates  of  metal,  care  being  taken  that  the 
rays  did  not  fall  upon  the  plates;  this  precaution  is  necessary, 
because,  as  we  shall  see,  when  the  Rontgen  rays  fall  upon  metal 
secondary  rays  are  produced  which  ionise  the  gas,  and  complicate 
the  effects.  It  is  also  necessary  to  arrange  the  electric  field  so 
that  all  the  gas  exposed  to  the  rays — or  at  least  every  part  of 
it  from  which  the  ions  can  move  to  the  electrodes — is  under  the 
influence  of  an  electric  field  strong  enough  to  produce  saturation, 
for  unless  saturation  is  reached  throughout  the  whole  of  the  gas, 
the  current  will  depend  upon  the  velocity  of  the  ions  under  the 
electric  field  as  well  as  upon  the  number  of  ions  produced ;  as  the 
velocity  of  the  ions  increases  as  the  pressure  diminishes  the 
unsaturated  current  will  diminish  less  rapidly  with  the  density 

*  J.  J.  Thomson,  Camb,  Univ.  Reporter,  Feb.  4, 1896.   Benoist  and  Harmozescu, 
C.  R.  cxxii.  p.  235,  1896.     Righi,  Ace.  dei  Lincei  (5),  v.  p.  143,  1896. 
t  Perrin,  AnnaUa  de  Chimie  et  de  Physique  [7],  xi.  p.  496,  1897. 
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I     rr^.rt-H      V  •  ^  '"'•^  °''S*"^*^  i'>na  nnder  unit 

ftloctnc  held.     Now  ;»  la  pr.,p.-,rti.)n;il  t..  v-7  and  th^^fi 

^  bein?  the  pressure  of  the  ,^.  since  ,  J  p    i^  'J'^fT  V' 

.•  ,    .hne  .  and  .  are  p.^.„..,  ^■^^^':^  ^^^^^^ 

.sman  electnc  forces  will  vary  as  1  v  p. 

j?/^  of  the  Temperature  of  a  Chis  ,yn  the  lonUation, 

160.     This  was  first  investigated  bv  Perrin*  wk 

I  1     •        L        i.    .  •    i^emn   ,  who,  asmj?  air 

came  to  the  conclusion  that  if  the  pressure  of  the  air  was  ke  t 
constant,  the  t^>tal  ionisation  was  between  temperatures  of  -l-^^c 
and  +  135'  C.  independent  of  the  temperature,  as  the  density  of 
the  air  when  the  pressure  is  kept  constant  varies  inversely  as  the 
absriliite  tfjmperature,  and  as  the  ionisation  when  the  tem^rature 
is  fjr,nstant  is  directly  proportional  to  the  temperature,  Perrin's 
rf^snlt  wr,uld  imply  that  the  ionisation  of  air  when  the  density  is 
cfinsUnt  must  be  directly  proportional  to  the  absolute  temperature 
Thf!  more  recent  experiments  of  IPClungf  have  shown  however 
th>it  for  air,  carbonic  acid  and  hydrogen  the  ionisation  when  the 
donsity  is  constant  is  independent  of  the  temperature.  M^'Clun^ 
mwlo.  two  mnm  of  experiments  in  one  series,  the  pressure  as  in 
Perrins  exfHjrimcnts  was  kept  constant,  here  the  ionisation  was 
found  to  Ik5  invennsly  proportional  to  the  absolute  temperature  •  in 
th«'  othiT  wdcs  the  deasity  was  kept  constant,  when  the  ionisa- 
tion was  found  to  be  independent  of  the  temperature.  The  range 
of  ti'ni|K?mtun?H  was  from  15°  C.  to  272**  C. 

Tho  variution  of  ionisation  with  temperature  has  a  vei^-  direct 

■•ifitr    <kii    (.hit    oii(>Ht.ion    lis    to    what    is    t.hp    orinHifi/^vi    ..r   xi. . 


llUIU»iMIH»W   K>imu   liiv   i\'iiio\A«    Kfj    wnv    i<»jci,    ^.  Ttii    niicu    UIIU   lOniSatlOU 

ill  ox(V|itionally  largt>  tho  pn>iH)rtion  of  the  number  of  fiee  ions  to 

•  IVrriii.  Anmt\t$  iW  Vhimie  et  tU  i'^y«i(/iic  [71,  xi.  p.  4%,  1897. 
f  M'lnuilit.  Vhit.  A/iii/.  [ft),  vii-  P*  HI,  1904. 


■  VI  •  till    ilfwr....*-    »••      *    •• •     ..    «.     .    ..j,^..,  ... 

M'lnuilV.  Vhit.  A/ii|/.  Ift).  vii-  P*  HI,  1904. 
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the  number  of  molecules  of  the  gas  is  less  than  1  to  10".     Thus  if 

^1  the  molecules  of  the  gas  are  equally  exposed  to  the  rays,  since 

the  ionisation  is  confined  to  an  exceedingly  small  fraction  of  the 

'lumber  of  molecules  the  molecules  which  are  ionised  must  be  in 

^me  state  very  fisur  removed  from  the  average  condition  of  the 

Molecules.    One  supposition  which  naturally  suggests  itself  is  that 

^t  is  only  those  molecules  which  possess  an  amount  of  kinetic 

Energy  exceeding  a  certain  value  which  get  ionised  by  the  rays : 

the  following  investigation  however  shows  that  in  this  case  the 

ionisation  ought  to  vary  much  more  rapidly  with  the  temperature 

than  is  consistent  with  the  results  of  either  M'^Clung's  or  Perrin's 

experiments. 

For  according  to  the  Kinetic  Theory  of  Gases  the  number  of 
molecules  in  a  cubic  centimetre  which  have  velocities  between 
c  and  c  +  (2c  is  equal  to 


where  N  is  the  whole  number  of  molecules  per  unit  volume,  0 
the  absolute  temperature  and  m  the  mass  of  a  molecule  of  the  gas ; 
hence  if  n  is  the  number  of  molecules  which  have  velocities 
greater  than  c, 

Sir  J  ci 

or  putting  c"  =  0(o\ 


hence  we  have 


yTe 


dn       2    j^    ,  "T^Ci* 


Now  since  the  number  of  molecules  ionised  is  an  exceedingly 
small  fraction  of  w,  if  these  are  the  molecules  having  a  velocity 


mcx 


greater  than  Cj,  then  e    e    must  be  very  small,  but  when  this  is 
the   case   n   will   increase   very   rapidly    with   0\    thus    suppose 


mc, 


for  a  moment  that  e  «~  is  equal  to  10~'*,  then  if  we  double  0  the 
value  of  every  terra  in  the  integral  in  the  expression  for  n  would 
be  increased  more  than  a  million  times,  a  result  quite  inconsistent 
with  the  fact  that  n  is  independent  of  the  temperature :  hence  we 
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conclude  that  the  few  molecules  that  are  ionised  cannot  owe  their 
ionisation  to  the  possession  of  an  abnormal  amount  of  kinetic 
energy ;  a  similar  objection  would  apply  to  the  ionisation  being 
due  to  any  property  of  the  molecule  whose  frequency  was  riven  by 
^he  Maxwell-Boltzmann  Law  of  Distribution. 

Another  view  that  at  first  sight  appears  as  if  it  might  explain 

the  small  amount  of  ionisation  is  that  this  is  not  due  to  the  direct 

action  of  the  Rontgen  ra}'s  on  the  molecules,  but  that  these  rays 

act  on  the  free  ions,  which,  as  the  phenomenon  of  spontaneous 

ionisation  shows,  are  alwap  present  in  small  numbers,  even  when 

the  gas  is  in  its  normal  state,  the  raj's  giving  to  these  ions  suflScient 

kinetic  energy  to  enable  them  to  ionise  the  molecules  of  the  gas 

against  which  they  strike.   To  express  the  results  of  this  hvpothesis 

in  an  anah-tical  form,  let  us  suppose  that  the  number  of  free  positive 

or  negative  ions  per  cubic  centimetre  is  n,  and  that  in  consequence 

of  the   kinetic  energy  given   by   the  rays  to  an   ion,  each  ion 

produces  «  other  ions  per  second ;  let  the  number  of  ions  which 

recombine  in  one  second  be  ocn*.  and  let  fi  be  the  number  of  ions 

produced  per  second  from  the  spontaneous  ionisaitioD  of  the  gas, 

then  when  things  are  in  a  steady  state  we  have 

€•»  +  3  —  3WI*  =  0, 

Since  the  number  of  ic«s  prvxlnced  by  the  rays  is  large  compared 

with  tbat — s0  « — due  to  the  spontaneous  ionisation  3  a  must 
be  small  compared  with  w*  -kt*.  and  we  have  appcoximately  Nasw  a, 
thus  we  siioald  have  a  definite  value  for  the  number  of  ions  in  a 
cubic  centimeUe  of  the  gasw  This  view  however  leads  to  a  result 
whkli  is  Dol  in  accordance  with  the  results  of  ohserrati<xi.  for  the 
MtamSkn  conenl  for  a  cubic  centimetre  of  the  gas  is  pcopcvtional 
to  Ike  nambo'  of  ions  produced  in  one  second  in  a  cubic  centi- 
■KHe  of  the  gas.  ml  tM^  Now  this  numl^r  being  proporti«xuJ  to  a, 
dbe  QOflibiMr  of  free  ioosw  should  be  le^  in  a  strong  electric  field 
in  a  vettk  one.  for  in  a  strong  field  "ihe  lifo  of  the  ion  is 
il  is  in  a  weuik  one.  as  ii  is  r&pidiT  driven  out  of  the 
ihe  efeciiv^dies;  heoee  if  the  view  ve  are  dbctiasing 
lh»  traft  wie.  the  canre&i  throach  a  «?fe^  when  tfate  ekctric 
0«glil  to  dittUDuek  ;fe»  she  <(rencth  of  the  field 
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(  this  is  not  the  caae  we  conclude  that  the  ionisation 
•innot  be  produced  in  the  way  we  have  been  considering. 

Other  possible  explanations  of  the  small  number  of  molecules 

FdiMociHted  by  the  rays  are  (1)  that  the  rays  are  of  such  a  kind 

y  that  only  n  small  fraction  of  the  molecules  are  exposed  to  the  full 

fone  nf  ihoir  influence :  that  if,  for  example,  we  consider  a  plane 

St  right  angles  to  the  direction  of  propagation  of  the  rays  the 

energy  is  not  distributed  uniformly  over  this  plane,  but  that  the 

distribution  of  energy  has  as  it  were  a  structure,  although  an 

wceedingly  fine  one,  places  where  the  energy  is  large  alternating 

^th  places  where  it  is  small,  like  the  mortar  and  brickn  in  a  wall ; 

'tiis  if  the  places  where  the  energy  is  intense  enough  to  produce 

K'nisaliun  of  a  molecule  occupied  but  a  small  fraction  of  the  area 

"f  the  plane  at  right  angles  to  the  raj's,  the  rays  would  be  able  to 

i«aas  through  a  gaa  and  yet  only  a  small  fraction  of  the  molecules 

*out(i  be  exposed  to  their  maximum  influence,  juat  as  is  the  case 

'vhen  a  beam  of  cathode  rays  passes  through  the  gaa;  we  shall 

"^tiuTj  to  this  point  when  we  consider  the  nature  of  the  Rontgen 

"'J'*.   Another  view  which  might  be  taken  is  that  all  the  molecules 

"'  *  gas.  even  though  this  gas  may  be  hke  hydrogen  an  element, 

*•*  Hoi  of  the  same  kind,  and  that  mixed  with  the  ordinary  mole- 

'"'^s  we  have  a  few  which  are  of  such  a  kind  as  to  be  very  easily 

""^'sed,  and  that  the  number  of  molecules  of  this  kind,  which 

practically   molecules   of  a   different   gas,   is  not   given   by 

Xwell's  law  of  distribution.     The  idea  that  even  a  gaa  is  not 

'iform  in  composition,  but  contains,  as  it  were  mixed  with  it, 

II  quantities  of  other  gases— not  necessarily  as  impurities  due 

f  ite  method  of  preparation  but  a«  an  essential  constituent  of  it — 

*■>■  appear  at  first  stating  so  opposed  to  the  ordinary  facts  of 

*^*^eii,igtry  as  not  to  be  worthy  of  discussion.     We  may  however 

I^^itit  out  that  the  quantities  of  such  gases,  if  we  may  take  the 

'"niaation  as  their  moasiire,  are  so  small  as  to  be  utterly  beyond 

*"*^  |»wer  of  chemical  analysis  tt)  detect,  so  that  it  cannot  be 

'jy  chemical  coDsiderationa  that  the  truth  or  talsehood  of  this 

aothesiii  can  be  decided. 

Another  explanation  of  the  smallness  of  the  number  of  niole- 

8  ioniaud  ia  that  the  ionisation  of  an  atom  is  determined  by  its 

*rnal  condition ;  we  have  reason  to  believe  that  the  atoms  of  the 

""JcntM  possess  large  stores  of  internal  energy  and  \,'k8.\.  Mtit 
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iviiiouiit  vi  this  energy  does  not  vary  appreciably  with  the  ten*'    ~ 
peratwre.     We  may  reasonably  expect  considerable  variatidn   ii* 
the  I'liei'gy  stored  in  individual  atoms,  a  small  number  possessing 
aiuunnts  of  energy  differing  considerably  from  the  average  amoaH^ 
possessed  by  the  other  atoms,  if  the  atoms  with  the  abnom*^ 
amount  of  internal  energy  were  much  more  nearly  unstable  tht*-i^ 
the  normal  atom,   then   it   might   easily  happen   that  only  tt:*= 
abnormal  atoms  would  be  ionised,  and  as  these  are  only  a  ve:*T 
small  fraction  of  the  whole  number  of  atoms  it  follows  that  it    '^ 
number  of  ions  will  nnly  be  a  very  small  fraction  of  the  numb-^*r 
of  atomti. 


ro„im 
151.  When  Ri.intgep 
different  gases  at  the  a 
depends  greatly  upon  t\ 
produced,  measured  by  t 
and,  for  the  gases  hither 
iodide:  it  is  also  exce 
relative  values  of  y^thi 
in  a  cubic  centimetre 

^iven 


tempcniti 
air  is  takt 


nitv. 


<U  Gases. 

ame  intensity  pass  throu^^h 
the  amount  of  ionisali^^io 
3  gas ;  the  number  of  io  m 
irrent.  is  least  in  hydrog^^n, 
5t  in  the  vapour  of  metta^y! 
for  mercury  vajwur:  t-  Ilie 
ins  produced  in  one  seco^ani 
atmospheric  pressure  n^rMiii 
ig  tabl«^    The  number  -^^or 


C,N, 
C,H, 


9 

Percia 

6 

8 

Ruther- 
ford 

Thoin»- 

6 
4 
11 
18 

1-0& 
1 
6 
6-4 

8-9 
17-4 

n 

We  see  that  though  the  results  of  different  observers  are  i** 
fair  agreement  for  most  gases,  for  hydrogen  they  are  very  di®" 
corclant.     We  must  remember  that  different  observers  used  r»y^ 

■  Perrin,  Annatfi  de  Phyiique  tt  de  Chimit  [7],  li.  p.  496,  1897. 

t  Buthprford.  Phil.  Mag.  t.  43,  p.  241,  1897- 

;  J.  J.  TljomsoD,  Proe.  Canb.  Phil.  Soe.  x.  p.  10,  1900. 
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t  degrees  of  hardness,  and  that  it  is  probable  that  the 
lisation  in  two  gases  depends  upon  the  kind  of  rays  used 
lem.  Recent  experiments  made  by  M^'Clung*  and  by 
'■  shown  that  the  relative  amount  of  ionisation  in  different 
depend  to  a  very  large  extent  upon  the  quality  of  the 
ich  the  ionisation  is  produced.  Thus  M^'Clung  obtained 
ng  results. 


le  of  gas 

Relative  ionisation 

Density  of  gas 

Soft  rays 

Hard  rays 

1 

•105 
1-3 
146 
11^05 

1 

•177 
117 
1*33 
479 

1 

•0693 
Ml 
1-53 
219 

acid    

ioxide    

following  table  the  relative  ionisation  for  soft  rays  as 
i  by  Stnitt J  are  compared  with  those  for  very  hard  rays 
ned  by  Eve. 


Gas 

Relative  ionisation 

Density 

Soft  rays  (Stnitt)  Hard  rays  (Eve) 

•114                        -42 

•0693 
1-00 
111 
1-53 
1-86 
219 
4-32 
5^05 
5-31 
M8 

1-00 
1-39 
1-60 
105 
7-97 
319 
720 
45-3 

•  •  • 

10 

•  •  • 

•  •  • 

•  ■  • 

2-3 

4-6 

13-5 

4-9 

■9 

oxide 

lioxide    

n 

dide    

ttrachloride    ... 
ted  hydrogen 

vith  the  hard  rays  the  ionisation  is  in  many  cases  very 
e  nearly  proportional  to  the  density  than  with  soft  rays, 
is  however  a  notable  exception  to  this  law  as  it  departs 

♦  M«^Clong.  Phil.  Mag.  [6],  viii.  p.  357,  1904. 
t  Eve,  PhiL  Mag.  [6],  viii.  p.  610,  1904. 
X  stnitt,  Proc.  Ray.  Soc.  72,  p.  209, 1903, 
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much  mof:  from  the  density  law  with  hard  rajs  than  i 
With  the  '  '  radiation  from  radium,  which  is  much  raore  pe 
than  any  radiation  we  can  obtain  by  electrical  discha 
which  we  have  reason  to  believe  is  of  the  nature  of 
mdiiition,  he  ionisation  in  different  gases  is  with  the  ex( 
hydnigen  'ei^'  approximately  proportional  to  the  densi 
gas.  The  unomalous  behaviour  of  hydrogen  with  regard 
gen  rays  i  ""•"'  t^""^■  miuJif.  ^-Al  repay  further  investigal 
also  to  be  ifractive  inde:?  for  hydrog 

nonimtly  so  small  a  density. 

152.  '  le  ionisation  is  large  have 
refnictive  owever  seem  that  a  large 
index  neo  ;e  ionisation ;  for  examph 
fnu-tive  ini  [,  as  determined  by  Mascs 
nearly  the  ilphuretted  hydrogen  H^ 
ionisation  ut  bik  times  that  in  C, 
ionisation  c  u  ays  does  not  seem  to  t 
connected  with  the  density  of  the  gas;  thus  the  density 
a  little  greater  than  that  of  Oa  and  considerably  less  tht 
I'O.j,  yet  the  ionisation  in  either  of  these  gases  is  small 
with  that  in  H,S.  In  other  cases  of  ionisation  such  as 
to  niiliation  from  some  radio-active  substances,  or  to  the  | 
cathiMle  niys  through  a  gas,  we  shall  see  that  the  ionisatio 
more  closely  connected  with  the  density  of  the  gas,  bein 
ill  the  case  of  hydrogen)  directly  proportional  to  the  dens 

153.  The  writer*  pointed  out  that  the  measureme 
in  the  tjiblo  on  page  298  indicate  that  the  ionisation  o 
ai>proxiniately  an  additive  property,  i.e.  if  2  [A]  is  the  < 
for  n  gas  Aj,  2[B]  the  value  for  a  gas  S.j  and  so  on,  then 
of  <j  for  a  gj«  A,B,„C„  will  be  l[A]  +  m[B]  +  n[a].  T 
usi'  the  numbers  given  in  the  third  column  of  the  precet 
for  H,.  N.,,  Oj,  CO,,  SO,,  and  CI,  to  determine  the  value; 
2  [S],  etc.,  we  find 

[H]  =  -1C5.  {C]=    % 

[N]  =  -445,  [S]=5-3, 

[0]  =  -55,  [CI]  =  87. 

The  amounts  of  ionisation  for  these  elements  are  in 
order   as   their  atomic  weights.      If  we   use   these  ni 
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calculate  the  ionisation  in  the  other  gases  in  the  table  using  the 
adclitive  rale  we  get  the  following  results. 


t 

Oaa 

1 

lonitaiion 
observed 

Ionisation 
calcnlated 

Gfts 

Ionisation 
observed 

Ionisation 
oalcolated 

CO 
NO 
N/) 

•86 
1^08 
1-47 
1-06 

•86 
•996 
1-44 
149 

C|H2 
H,S 
HCl 
NH3 

1 
6 

8^9 
1 

•93 
663 
886 

•94 

Thus  except  in  the  case  of  CsN,  the  agreement  is  within  the 
limits  of  the  errors  of  experiment. 

Connection  between  the  absorption  of  the  rays  by  a  gas  and 
the  ionisation  produced  in  a  gas  by  the  rays, 

164.  The  rays  are  absorbed  by  gases  through  which  they  pass, 
the  amount  of  this  absorption  has  been  measured  by  Rutherford*, 
^ho  used  for  this  purpose  the  apparatus  represented  in  Fig.  68. 


Fig.  68. 

Two  large  similar  conical  vessels  ABC,  A'EC',  much  larger  at 
the  top  than  at  the  bottom,  were  placed  in  such  positions 
that  the  axis  of  each  cone  passed  as  nearly  as  possible  through 
the  anode  of  the  tube  producing  the  Rontgen  rays.  The  upper 
parts  of  the  vessels  AB,  A'B  were  made  of  lead,  and  were 
separated  from  the  lower  portions,  which  were  made  of  glass, 
by  thin  plates  of  ebonite,  similar  plates  covered  the  ends  of 
the  glass  cylinders  at  G  and   G\  so  that  the  vessels  JJC,  EC 

*  Bntherford,  FhiL  Mag,  v.  43,  p.  241,  1897. 
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^,t-»'   ;»■'»•-: ijrht   aiui   o'uKi  W  oxhausted    when    required.     The 
^^^t,^Ti^':-.os  of  :!u.  „v5  :itr<'r  they  had  passed   through  the  glass 
,y '•.'•'*'.=^  wr:v   m,;v;-.:n.Hl  by  detonuining  the  saturatioD  cuircnts 
•,M>^'"-^'"  •••'    •'•■•■•  o\".:n.iirs  AB.  A  B.     Insulated  wires  I)E  I/FJ' 
NX, -A'    ■■•'^^^-    *«>  :h^    .\v:n-.ios.  rhoso  wert-  connected  with  opposite 
^v\-.i>   ^  •    1  •-^^i:r*r.:s  ..f  :iii  o\v:r'meter,  K»th  initially  charged  to 
:V..'    ^*'- -^   >  :^':.::.»:      Thv  o.i:si.u>  .^f  the  vessels  AB,  A'F  wer€? 
x-.v/.*.o^'^^'-  ^^-"V.  :•:.    .\»r:h.     The  }vv<itk.n  of  the  biilb  gi\-ingth<:^ 
r,v>>  "''**"  ;'«^V  ^'^'^  >    •>"'»"  ^^^^-'^  *"^'  ?'*^'^  vessels  BC,  RC  wero 
tW.xN'.  ^^  •■-  •**■•■  '•'  :"-.  Sii-.v.-,  vr\>s-.:r\-  :hv  needle  of  the  electromcte'r 
•,vv..:v.v.a:  .;:  -v^:  \vh;r.  :':.•.  r.»y>  wvrt  pasB^ing  through  the  vessel  : 
■/•>  >•  ^^vv.  :':\\:   :*r.-.    i^:. :.::.".<     :  vaoh  jmir  of  quadrants  were 
t-iVr-^;  .«'.  :■*.:•  >vv.v;  rA:<    .»r..i  :h:r^:  rv  :h;\t  the  currents  through 
•.Vx  \xSJ>;'  s  .i  S   A  .^    "Cr;   i'.wx.      It  TT.r  ir»»>  weiv  reiHoved  fmm 
.•••.  /:  :'•.  \i'>fiK".>  .^."   r'";^     r  .»:-.:'::•  r  c-i*  ::i:r>.iiict-d.  the  balance 

C  :h-:  .11  S>  ri::.n  •:•:  :he  nws  h\  the  gas 


W.t>...>..,.«.X\»        .....>>..        '•...4^       __ -  ,.       ^  ^„.^  

-  •  •  •  o 

*.v.  .  x-  \v\v<'  I:  •■^;  ,vss ■.:*.■.>,  :r..i:  :h-  -:r.vr^"  Abs-.^rbe*!  when  the 
r,i\^  Vviss  :hr  .4:."  v. v..:  '.iV.j::':  :  :>.:  ^.>>  :>  i^r-:;\I  io\I,I  being 
. .,.    X  .  ,  . i^ •      ■»•>    .. »...»-. i^":   i. m.   -—  .  — T  ini^*ns'ii\  uflcu 

,  -  •  * 

*  -  "    •  ^  . 


xxh,-:*.-  .",  -.s  :^:  •:.:<*.■,>:>     :  :^-;  rsj«>>  *->.'. r.  r  =•.'•.     T::us  if  /  is  the 
.»*,<«     •  .   »vi ,    7i  »>  , .  r  ..i^.    I.I    » i5«st .  X*  -  .  .*-f  riiii'.'  •.•!  ine 
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"jf  the  rays  to  aibout  J.  The  values  of  X  for  different  gases  are 
ptim  ID  the  table.  The  third  coiumn  of  this  tahk-  contains  the 
reUtive  values  of  q — the  number  of  ions  produced  in  each  volume 
in  UQJt  time  by  rays  of  equal  intensity. 

Thes«  numbers  show  that  good  conductors  under  the  rays  are 
good  uWirbers  of  the  radiation:  if  the  conductivity  were  pro- 
I»nioniil  Ui  the  radiation,  i.e.  if  q/\  were  constant,  then  if  the 
hole  of  the  radiation  were  absorbed  by  a  gas  the  number  of  ions 
oJiiced  would  be  independent  of  the  nature  of  the  gas,  For 
fJo  is  the  initial  intensity  of  the  rays  the  intensity  after  they 
piv  passed  thmugh  a  distance  x  of  the  gas  is  /o*"*'  hence  the 
piiiber  of  iona  produced  in  unit  time  in  the  space  da;  is  pro- 
ranal  to  ql^t'",  thus  the  total  number  of  ions  produced  in  the 
n  unit  time  is  proportional  to 


/'«'"■ 


"'"1  this  ia  equal  to  ql„/\ :  if  q/\  is  the  same  for  all  gases  the 
'"tal  number  of  ions  produced  by  rays  of  given  intensity  will  be 
'""-•  same.  The  numbers  given  above  for  qjX  show  considerable 
"^^lions  in  the  different  gases :  the  discrepancies  however  chiefly 
"*^<=iir  in  the  gases  for  which  X  is  very  small,  and  in  which  the 
^'TDrs  of  experiment  are  necessarily  large. 

Rutherford  and  M'Clung*  have  recently  made  very  careful 
'"' "iipiuisona  of  the  values  of  X  for  carbonic  acid  and  air;  they 
"'od  the  ratio  for  the  two  gases  was  1'59,  for  the  ratio  of  the 
''ffente  they  found  1  ■43,  but  they  consider  the  current  through 
'  '*■  carbonic  acid  was  not  quite  saturated.  1  found  the  nitio  of 
''"  currentB  through  the  two  gases  to  bo  1'53,  which  in  very-  nearly 
'"■  ratio  of  the  absorptions.  The  value  of  X  depends  upon  the 
*^racter  of  the  rays,  for  hard  rays  it  is  very  much  smaller  than 
«oft  ones,  thus  the  value  of  X  for  air  in  Rutherford  and 
-^UDg'a  experiments  was  only  about  one-quarter  of  the  value 
^  ftutherford's  earliei'  experiments  in  which  softer  rays  were  used. 
'  the  case  of  the  radiation  from  uranium — ii*hich  is  much  more 
W]y  absorbed  than  Rontgen  rays — Rutherfordf  baa  shown  that 
1  all  the  radiation  is  absorbed  by  a  gas,  the  total  amount  of 
KLtion   is  ap]>roxiiuately  the   same  in  air,  hydrogen,  oxygen, 

t  Uolluirfonl,  J-M.  Mis,,  r.  -17.  p.  100,  1899.  ^^| 
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carbonic  acid  gzm.  uiid  coal  gas.  Laby  has  recently  iuvcstigatfd 
the  total  amount  <>t'  ionisation  produced  by  these  rays  in  a  iuje 
number  of  gases  and  found  considerable  variations  in  the  amounV 
produced  in  dittcrent  gsfies,  thus  in  SOj  it  was  '57  and  C,H« 
1'34  times  that,  in  nir. 

Langevin*  found  that  when  the  'soft'  Secondary  Rfintgen 
Radiation  (see  p.  312)  was  entirely  absorbed  by  air,  hydrogen,  ciol 
gas,  carbonic  atid  gas,  and  sulphuretted  hydrogen  the  relative 
numbers  of  ions  produced  was  as  follows: 


I  Total  tinuMtion 


\ 


greater   than   can 


pi-esaure  of  the  gas:  usi^fi 
»rd  has  shown  that  dowa    ** 

lonphi-j-c  the  absorption  is  pTO' 


The   difference   in    th< 
accounted  for  by  iitoi 

The  absorption  de] 
the  vapour  of  inethyl- 
a  pressure  of  a  quailer  oi 
portional  to  the  pressure. 

165.  Benoistt  concludes  from  experiments  on  the  vapours  "^ 
bromine  and  iodine,  of  ethyl -bromide  and  methyl-iodide,  that  tb^ 
absorption  produced  by  a  given  mass  of  a  substance  is  independe** 
of  its  physical  state ;  that,  for  example,  the  vapour  of  a  volati'® 
liquid  or  solid  absorbs  the  same  amount  of  radiation  when  in  t**^ 
gaseous  state  as  when  condensed  into  a  solid  or  liquid. 

Benoist  introduces  a  quantity  which  he  calls  the  coefficient  "' 
transparency  of  the  substance ;  it  is  the  weight  in  milligramtr** 
of  a  prism  of  the  substance  on  a  base  one  square  centime*'* 
in  area,  which  produces  the  same  absorption  as  a  standwd  pri*"^ 
of  paraffin-wax  75  mm.  long,  when  the  rays  travel  along  't'"^ 
axes  of  the  prisms.  He  has  proved  the  veiy  important  law,  tlw* 
if  we  have  a  mass  Jf  of  a  substance  whose  transparency  is  E  m«** 
up  of  masses  M^,  M,,  M,...,  of  substances  whose  coefficients  of 
'  Langevin,  Aanaltt  de  Chimit  et  de  Phytique  [7],  SB,  p.  389,  ISOS. 
t  Benoist,  Journal  dt  Phyaiqut  \^\,  x.  p.  663, 1901. 
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rency  are  £,,  jS„  £,...,  then,  whether  the  eubstances  are 
lechanically  mixed  or  in  a  state  of  chemical  combinatioD, 
M    M,     Af,     M, 


-d). 


I  liiink  thi!  meaning  of  this  law  is  made  clearer  by  the  intro- 

Aictiuti  of  a  quantity  which  we  may  call  the  molecular  absorption 
rf  the  substance,  i.e.  the  abaorption  pnwiiiced  by  one  molecule  of 
the  sulwtance,  and  which  is  connected  with  the  Benoist  coefficient 
« folliiwB :  suppose  that  the  mass  of  a  molecule  is  m,  and  that  in 
Benoist's  prisms  there  are  JV  molecules,  then  Nm  =  c.E,  where  c  is 
"  '■nnstant ;  by  the  definition  of  E  these  y  molecules  produce  a 
gi'«i  amount  of  absorption ;  hence  if  a  is  the  absorption  due  to 
•>ne  molecule  2fa  =  C,  where  C  is  a  constant ;  hence  we  see  that 


=  \a. 


"IxT"  X  d.*8  not  depend 
""*  M[[re8s  Benoist's  law 
*"'  ■«,  molecules  of  the  first  substance,  N3  of  the  second,  and  so  on, 


the  nature  of  the  substance.     Let  us 
tenas  of  the  absorption  a.     If  there 


'm\ 


N\a  ; 


'i*  equation  (1 )  becomes 


+  AVt,  +  iV"rt  +  ... 


eijiiivalent  to  the  statement  that  the  absorption  of  any 

iWaoce  is  equal  to  the  sum  of  the  absoi-ptions  of  the  individual 

ilecules  in  that  substance,  the  absorption  due  to  any  molecule 

'Xiing  independent  of  the  nature  of  the  chemical  compound  of 

Vhioh  it  forms  a  part  or  its  physical  state.     Benoist  states  that 

the  absorption   does   not   depend  upon   the  temperature.      The 

-rption  of  a  body  for  the  Rontgen  rays  is  thus  an  additive 

iperty. 

There  is  a  very  cl<jse  connection  between  the  absorption  of 
\  element  and  its  molecular  weight ;  this  is  shown  by  the  curve 
\  Fig.  69  (taken  from  Benoist's  paper)  in  which  the  ordinates 
sent  the  equivalents  of  transparency  of  the  elements,  the 
the  molecular  weight;  it  will  be  seen  that  the  cnrve 
>  fc  smooth  one,  in  every  case  the  transparency  diminishes 


I 

J 
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aa  the  molecular  weight  increases.  From  this  it  follows  that  tlie 
molecular  absorption  increases  more  rapidly  than  the  molecnUr 
weight.     Having  got  the  curve  connecting  the  transparency  witii 
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tbe    molecular  weight,  it  is  evident  that  we  have  the  means  of 

determiniog  the  molecular  weight  of  a  substance  by  measuring 

itn  ^ran^MweDcy  to  B6ntgen  rays  when  in  a  pure  state  <x  when 

q^^  £>UK)d  with  elwnents  whoee  transparency  is  known.    Benoist  has 

^^^M.'vA  this  method  to  determine  the  molecalar  weight  of  indinm. 
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Prom  Benoist's  results  I  have  calculated  the  following  relative 
^ues  of  a  for  some  of  the  elements  which  often  occur  in  gaseous 
compounds. 


Sabfltanoe 

a 

Snbstance 

a 

0, 

•36 
•27 
•17 

s, 
a. 

Bra 

£•8 
4 
47 

Knowing  a  for  these  gases  we  can  calculate  the  absorptions  of 
.  ®  gases  measured  by  Rutherford  (see  page  306),  the  results  are 
^^^tx  in  the  following  table : 


Gas 

a  (Benoist) 

X  (Ratherford) 

a/X 

0, 

•36 

•001 

360 

CO, 

•45 

•001 

450 

SOj 

1-76 

•0025 

700 

HjS 

14 

•0037 

378 

HCl 

2 

•0065 

301 

Cla 

4 

•0095 

420 

1 

In  calculating   the   numbers   in   the   second  column  I  have 

^g^lected  the  absorption  due  to  the  hydrogen  in  the  compound, 

^^  this  is  too  small  to  be  accurately  determined.     Benoist  showed 

^*^^t  the  relative  values  of  a  depended  upon  the  nature  of  the  rays; 

^^deed  with  the  very  penetrating  y  rays  from  radium,  E  is  a  con- 

^^nt  and  a  directly  proportional  to  the  atomic  weight ;  taking  this 

^^tK)  account   Rutherford's   results   are   in   fair  accordance   with 

^^xioist's  law  except  in  the  case  of  SO2. 

The  question  arises  whether  the  energy  absorbed  by  the  gas  is 
wholly  accounted  for  by  the  work  spent  in  ionising  the  gas  or 
^*^ether  part  of  the  energy  of  the  rays  is  directly  transformed  into 
.  ^t  and  energy  in  the  gas  without  the  intervention  of  ionisation : 
^^  ^he  ions  are  allowed  to  recombine,  the  work  spent  in  ionisation 
^^11  ultimately  appear  as  heat  energy  in  the  gas;  this  would 
hovrever  not  necessarily  be  the  case  if  the  ions  were  driven  out  of 
^^^  gas  by  a  strong  electric  field.  The  evidence  is,  I  think,  in 
Wur  of  the  view  that  the  ionisation  of  the  gas  is  only  accountable 

20—2 
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for  a  small  part  of  the  loss  of  energy.  Rutherford  and  M*^Clung* 
have  calculated  the  work  necessary  to  ionise  a  molecule  of  the  gas 
on  the  assumption  that  all  the  loss  of  energy  in  the  rays  was  due 
to  the  ionisation  of  the  gas;  on  this  hypothesis  they  found  the 
work  necessary  to  ionise  a  molecule  of  air  was  equal  to  the  work 
done  on  the  ionic  charge  when  it  fell  through  a  potential  difference 
of  about  175  volts,  this  is  very  much  larger  than  the  value  of  the 
same  quantity,  about  two  volts,  obtained  by  H.  A.  Wilson  and 
Townsend  by  different  considerations.  Combining  these  results 
we  conclude  that  only  about  1/80  of  the  energy  of  the  rays  is 
expended  in  the  ionisation  of  the  gas,  the  rest  being  converted 
into  heat.  Barkla  (see  p.  326)  has  shown  that  the  loss  of  energy 
when  the  rays  go  through  a  gas  is  due  much  more  to  the  scattering 
of  the  rays  than  to  work  spent  in  ionisation. 

Secondary  Rontgen  radiation, 

166.  When  the  Rontgen  rays  pass  through  a  substance  they 
cause  it  to  emit  Rontgen  rays — called  secondary  rays — which  in 
many  cases  are  different  in  character  from  the  rays — primary  rays 
— which  produced  them.  These  secondary  rays  are  produced  by 
solids,  liquids  and  gases.  Perrinf  observed  that  when  the  rays 
struck  a  metal  plate,  more  ionisation  was  produced  than  if  rays  of 
the  same  intensity  passed  through  the  air  without  coming  into 
contact  with  the  plate.  He  arranged  two  pairs  of  parallel  plates 
80  that  the  same  volume  of  gas  was  exposed  to  rays  of  the  same 
intensity  between  each  pair  of  plates,  in  the  one  pair  however 
the  rays  passed  between  the  plates  without  touching  the  metal, 
while  in  the  second  pair  the  rays  were  incident  normally  on  one 
of  the  plates ;  he  found  that  the  saturation  current  was  always 
greater  for  the  second  pair  of  plates  than  for  the  first,  the  excess 
depending  on  the  metal  stnick  by  the  rays.  If  this  plate  were 
made  of  gold,  zinc,  lead  or  tin,  the  difference  was  considerable,  if 
it  were  made  of  aluminium  it  was  only  small,  while  it  was  quite  in- 
•Bpreciable  if  the  plate  were  wet  with  wat^r,  alcohol  or  petroleum. 

oagnac^  has  made  Si>me  experiments  which  show  very  clearly 
the  existenci^  of  these  secimdar\-  ravs;  the  method  he  used  is 

•  I^lherionl  Md  M-Clttttg.  rm.  IV«»*.  c«Ti.  p.  «.  1901. 

T  nrtsn.  Atm^tt,  4r  C««,«  *»  it  Ptrntitrnt  [71  xL  p.  ««,  189T. 
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shown  in  Fig.  70  a  and  /9;  in  the  experiment  represented  in 
Fig.  70  a  the  secondary  rays  were  detected  by  their  action  on  a 
photographic  plate,  in  that  represented  in  Fig.  70  /3  by  their  action 
discharging  a  gold-leaf  electroscope.     L  is  the  bulb  producing 


Fig.  70. 


the  primary  rays,  EE  a  thick  lead  plate  to  screen  off  these  rays 
from  the  photographic  plate  or  the  electroscope,  MM  the  plate 
struck  by  the  primary  rays  and  emitting  the  secondary  ones,  ee  in 
Fig.  70  a  the  photographic  plate ;  the  electroscope  is  covered  with 
a  metal  case  connected  with  earth  to  screen  oflF  from  the  gas 
exposed  to  the  primary  rays  the  electric  field  due  to  the  charged 
gold-leaves,  the  secondary  rays  entered  this  case  through  a  thin 
aluminium  window.  The  electroscope  was  discharged  and  the 
plate  affected  even  when  MM  was  made  of  comparatively  light 
and  transparent  substances,  such  as  paraffin,  ebonite,  sulphur,  or 
aluminium,  while  a  greater  effect  was  produced  by  heavy  sub- 
stances. A  small  effect  is  produced  even  when  the  plate  MM  is 
absent,  this  is  due  to  the  secondary  rays  emitted  by  the  air ;  the 
secondary  rays  emitted  by  air  were  first  observed  by  Rontgen*, 
who  detected  them  by  the  luminosity  they  produced  in  a  phos- 
phorescent screen. 

167.    Sagnac  (loc.  cit)  showed  that  the  secondary  rays  were  not 
diffusely  reflected  primary  raysf;  he  did  this  by  proving  that  the 

*  Bontgen,  Wied,  Ann,  Ixiv.  p.  18,  1898. 

t  Barkla  has  shown  that  this  is  only  true  when  the  substance  giving  rise  to  the 
secondary  rays  is  one  of  considerable  atomic  weight. 
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secoadary  rays  >vere  much  more  easily  absorbed  than  the  primaiy 
ones.  The  meth-Ml  he  used  for  this  purpose  is  shown  in  Fig.  71, 
The  primary  rays  from  the  bulb  I  passed  through  two  opemDgs 
ai,  cd  in  the  lead  platea  E,B, ,  E^E, ;  the  secondary  rays  from  the 
plate  LL  passed  through  a  hole  in  a  lead  plate  £,£,',  then  through 
a  thin  aluminiiiin  window  into  the  electroscope  C,  A  plate  of 
aluminium  AA  \^  placed,  first  in  the  path  of  the  primary  rays  and 


I 


the  rate  of  leak  observed,  it  is  then  removed  from  the  path  of  the 
primary  rays  and  placed  at  A'A'  in  the  path  of  the  secondary 
rays,  and  the  rate  of  leak  again  observed ;  the  rate  of  leak  in  the 
latter  case  is  always  less  than  that  in  the  former,  showing  that  the 
secondary  rays  are  more  absorbed  by  the  plate  than  the  primary 
ones.  If  t  is  the  time  taken  by  the  gold-leaves  to  fall  through  a 
certain  angle  when  the  plate  is  at  AA,  t'  the  time  when  the  plate 
is  at  A'A',  then  if  c  =  (('  —t)H,  c  is  called  by  Sagnac  the  coefficient 
of  transformation  of  the  rays.  This  coefficient  depends  upon  the 
nature  of  the  plate  LL ;  it  is  much  smaller  when  the  plate  is  made 
of  light  substances  such  as  aluminium  or  paraffin  than  when  it  ia 
made  of  heavy  ones  such  as  gold  or  lead :  this  shows  that  the 
secondary  rays  emitted  by  light  substances,  although  not  so 
numerous,  are  more  penetrating  than  those  emitted  by  heavy  ones, 
Sagnac  also  showed  that  when  the  distance  of  the  electroscope 
'rom  the  plate  LL  was  increased,  a  much  greater  diminution  was 
oduced  in  the  rate  of  leak  when  the  plate  LL  was  made  of  lead 
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than  when  it  was  made  of  zinc  or  copper,  showing  that  a  con- 
siderable proportion  of  the  secondary  rays  from  lead  were  absorbed 
by  a  few  centimetres  of  air. 

168.  Some  very  interesting  experiments  on  the  secondary 
i^ys  were  made  by  Townsend*,  who  used  the  method  represented 
^  Fig.  72.     The  bulb  producing  the  rays  and  the  induction  coil 


[Jjjjjju»yjjjjjjjj>ju«»»^»f 


Fig.  72. 

y    ^hich  it  was  worked  were  placed  inside  a  box  covered  with 

^<3,  having  one  aperture  at  A  through  which  the  rays  passed  up 

^*^ngh  a  lead  tube  to  prevent  them  from  spreading  out  laterally. 

^8  a  cylinder  of  wire-gauze  containing  an  axial  electrode  G. 

^^  gauze  was  connected  with  one  terminal  of  a  battery  of  small 

^^^^uge  cells,  the  other  terminal  of  which  was  put  to  earth,  the 

tetrode  G  was  connected  with  an  insulated  pair  of  quadrants  of 

,^^  electrometer.     The  potential  diflference  between  the  gauze  and 

^«  electrode  G,  85  volts,  was  sufficient  to  produce  the  saturation 

^rrent.     The  substance   emitting  the   secondary  radiation   was 

Placed  at  D  and  measurements  were  made  (1)  when  the  secondary 

^^diation  passed   through   nothing  but  air,  (2)  when   it  passed 

^Virough   a  plate  of  aluminium   *25m.   thick.      The   results   are 

^ntained  in  the  following  table ;  the  numbers  being  the  deflection 

^f  the  electrometer  in  10  seconda 

This  table  shows  very  clearly  the  different  kinds  of  radiation 
given  out  by  different  substances ;  thus  the  radiation  from  brass, 


J.  S.  Townflend,  Proc.  Camb,  Pkil  8o€.  x.  p.  217, 1899. 
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Zinc:,  and  copyn.T  ih  almost  completely  stopped  by  the  aluminium 
whilc!  thc!  nicliation  fio.a  other  substances  passes  throueh  it  com' 
parativcly  («usily.     The  .secondary  radiation  was  found  not  to  be 


lUdiator 

(mibKtaiice 

placiul  at  l>) 


Air  

Aluiniuium  .. 

(}liU«N    

lA'mi    


Kayri 

paHHing 

throuKh 

Air 


2 
24 


Rays 

paHsing 

through 

Al 


Hadiator 

(sabstance 

placed  at  D) 


1 

3-5 

3 


Solid   Paraflan 

Brass    

Zinc 

Cop[>er 


Bays 
passing 


Bays 
passing 


through    :    through 
Air  Al 


30 
66 
68 
70 


15-5 
2-5 
3 
2-5 


much  aftVvkHl  by  the  state  of  the  siirfiice  of  the  body  thus  the 
nulirttion  fnnu  {H>lishiHl  bnvss  was  only  2  or  3  per  cent,  greater 
than  frinn  bnuw  ouxtoil  with  oxide:  if  the  brass  was  covered  with 
wot   tilter-iv\{vr  the  deflection  of  the  electrometer  was  reduced 
fixMU  lU?  to  4(5.     The  sikH.\Mid:in-  radiation  is  not  merelv  a  surface 
etteot.  the  radiation  comes  friMn  a  layer  of  the  substance  of  appre- 
ciable thicbu^^   This  W5\s  prvneil  by  covering  a  plate  of  aluminium 
with  a  thin  layer  of  jv^ratKn;  the  radiation  was  r^uced  to  about 
oui^sixth  of  the  amoxnu  frvnn  a  s^^lid  K.vk  of  paraffin.    With  denser 
si;l>s:anvvs  such  as  lead  :he  layer  rb.^m  which  :he  secondarv  radia- 
tvn  v\niu>s  will  Iv  nr.:ch  rhinnor  :ha:i  ::-r  a  li^:  sul^iance  like 
jve^Sln.    In  :ho  tirs:  vUw  :ho  yr:iv.A7}"  ni\"^  can  only  (^netrate  to 
a  >vr}  S£i\al'  dep:h  Ivlv^w  :hc  s*.;rt*v\:.  ioi  in  :hr  s^v^  place  the 
«w^Ni*ry  r^>^  b^^izxjf  s*.-  r-.v,:.''h  :v.  ^ri-  lifcsily  jihsc-rt^  will  cmlv  be 
aKx"*  to  t^ji:ftsi  ihn.^'^.  A  siv-All  f:^''::;c  .c  :h^  :hi,"irfe»  penetrated 
kv  li^e  )«tisviinr  r*\^     Th;:<  :Iv  thvjirr.^as^  :c  ihr  l^r^r  ^:-ai  which 
dn^  m&M^xx  »NK^>it^  ^:V.  a1^;*\>«'  x  r.v^.-h  "j^^s*?  :ii:i  lirr  ihicknt^ 
v|(x4i  ctKft  Sf  ivoeMr*:<v.  >\  :>;  yc*/.v Jkr*  rji^^     Tbi  i^r^ti^nients 
M  )^  pwwdisu:  4\;xir.v,vvr.:5>  ^-ri  >^':c:  :i*>:  :i-.   .clx  r*diaiion 
^A(ic&  wvHfcVS  jtfS;v^  :J>;"  sviiV^rr.cr.^;  :<•:   ^jsb^  :r»fc:  u  i3^i  hai  juae^ 
^Kvnt^  ^^^vcjk  c\tt;i7i5<"':rt^    c  jlt      7;^-32i*:o£  si?."»^i  ih*:  in 
ni}|^"T  V  Ti*»  lisfcv   ^•fcs  vs*.    ?*:vvi:^.'iyhr    nc:ui:?.c  wi>:ih  tas 

ifinTtLT  J^  *»»*"    >^   ♦>  .^u.    -^»-i  .^    '  r    :::5:c^si.':    dscj 
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The  primary  rajrs  passed  through  a  hole  if  in  a  lead  plate  and 
then  through  a  hole  N  in  another  lead  plate  on  which  the  lower 
plate  BB,  which  was  made  of  aluminium,  rested.  After  passing 
thiough  N  the  primary  rays  passed  through  the  air  and  fell  on 


thf 
of 


Fig.  73. 

plate  A  A,  whose  distance  from  B  could  be  adjusted  by  means 
^  screw.     A  series  of  experiments  were  made  with  plates  of 


^^<erent  materials  at  A,  the  plate  B  was  an  aluminium  one 
*''^iX)ughout  the  experiments ;  the  results  of  the  experiments  are 
^^*«n  in  the  following  table :  t  is  the  distance  between  the  plates 
^•^  millimetres,  and  the  numbers  in  the  other  columns  are  propor- 
^^o^iai  to  the  saturation-currents  in  the  various  cases.  The 
^^^position  of  the  upper  plate  is  given  in  the  first  row  in  the 
^V^le. 


t 

Brass 

Cu 

Zn 

Al 

1 

65 

54-4 

49 

15 

2 

81 

84 

66 

23-7 

5 

109-5 

107-5 

87 

40-8 

10 

126 

128 

103 

57 

15 

142 

144 

119 

73 

If  there  were  no  secondary  radiation  the  2,  3,  4  and  5  columns 

^iiould  be  identical,  and  the  numbers  proportional  to  the  distance 

^^tween  the  plates.    Let  us  take  the  case  of  brass,  then  when  the 

^iistance  between  the  plates  is  15  mm.,  the  number  of  iona  ^to- 
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duced  is  proportional  to  142;  when  the  distance  between  the  plaks 
ia  reduced  to  oue  milliraetre,  the  number  of  ions  is  not  reduced  to 
1/15  but  to  1/2-6  only,  showing  that  there  are  relatively  a  great 
many  more  ions  in  the  millimetre  of  air  next  the  brass  plate  thu 
there  are  in  thu  layers  of  air  at  a  considerable  distance  away  trom 
it.  We  ace  troin  the  table  that  the  ionisation  in  the  millimetie 
of  air  nearest  the  metal  is  proportional  to  65,  in  the  next  milli- 
metre it  is  26,  the  averaf^e  in  the  next  three  millimetres  ia  S^S. 
in  the  next  five  3'f  re  3-2:  thus  by  far  the  greater 

part  of  the  seconds  jrbed  by  a  layer  of  air  2  milli- 

metres thick,  this  ion  would  be  all  absorbed  by 

the  air  between  i  cylinder  in  the  experiment 

shown  in   Fig.  72,  bers  obtained  by  the  use  of 

this  instrument  «  it   class   of  rays   from  ihoee 

detected   by  the  p  he  curves  in  Fig.  "4,  taken 

fr«m  Townsend's  [  d  idea  of  the  rapidity  irili 


Fi^.  74. 

which  the  ionisation  diminishes  as  the  distance  from  the  metal 
surface  increases ;  the  ordinatea  in  the  curves  are  proportional  to 
the  tot-al  amount  of  ionisjition  up  to  a  distance  from  the  plate 
represented  by  the  abscisste.  If  S  is  the  ratio  of  the  number  of 
ions  pnxluced  by  the  easily  absorbable  secondary  rays  in  the  air  to 
the  number  of  ions  produced  by  the  primary  rays  when  they 
traverse  a  layer  of  air  1  cm.  thick,  then  Townsend  found  that  for 
copper  S  =  2-5,  for  zinc  iS'=184,  for  aluminium  5=4:  these 
numbers  are  considerably  laiger  that  those  previously  obtained 
by  Perrin,  and   this   and   the   difference  between   these   results 
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Mil  thost;  iibUuned  by  Sagnac  indicate  that  the  character  ol 
llie  secondary  radiation  depends  very  largely  iiijon  that  of  the 
Iirimwy.  This  has  been  shown  directly  by  Langc\-in,  who  found 
that  with  primary  roys  of  varying  penetration  he  got  values  i)f  S 
niugrng  fmia  44  to  167,  the  larger  values  corresponding  to  the 
imife  penetrating  primaty  rays.  H.  8.  Alien*  has  compared  the 
niimbt-r  of  ions  produced  by  the  secondary  ionisation  with  those 
"bich  would  be  produced  if  the  primary  rays  were  entirely  absorbed 
by  the  gas ;  using  brass  as  the  metal  and  sulphuretted  hydrogen  na 
'he  gas,  he  found  that  the  number  of  ions  produced  by  the 
^ciinilary  radiation  coming  out  of  the  brass  was  abtuit  1/2000 
"'  ihe  number  which  would  have  been  produced  if  the  primary 
i\s  hail  iieen  absorbed  by  the  sulphuretted  hydrogen.  We  must 
■nirmber  that  most  of  the  secondary  radiation  is  absorbed  in  the 
'""iitsand  does  not  emerge, 

158.    The  effect  of  the  secondary  ionisation  has  to  be  taken 

int-o  account  in  all  investigations  on  the  relation  between  the 

i-'oisation  and  the  pressure.     Thus  suppose  we  were  investigating 

■he  rebtion  between  the  saturation -current  and  the  pressure,  the 

'■'meni  passing  between  two  parallel  plates,  one  of  these  being 

"'tpiswi  to  the  primaiy  rays  and  giving  out  secondarj-  radiation. 

The  secondary  radiation  is  absorbed  within  a  short  distance  from 

^ "It:  jilate,  and  though  when  we  diminish  the  pressure  we  increase 

''lis  distance  the  total  amount  of  ionisation  will  not  be  affected 

'I'ltil  the  pressure  gets  so  low  that  the  secondary  rays  can  travel 

f"ini  "trie  plate  to  the  other.     Thus  if  S  is  the  secondary  and  P 

'^e  primary  ionisation,  the  latter  is  proportional  to  the  pressure  p. 

"(aal  say  to  ap,  then,  until    the  pressure   gets  so  low  that  the 

■^TOndary  radiation  extends  from  one  plate  to  the  other,  the  satu- 

"itioiivjurrent  will  be  proportional  to  8  +  ap;  thus  if  the  secondary 

'"iiiwtion  is  large  compared  with  the  primary,  there  will  be  at  first 

''^T  little  change  in  the  saturation -current  due  to  a  change  in 

prewnire;   when   the   pressure   gets   so   low    that   the   secondary 

™'iation  is  not  nearly  absorbed  between   the  plates,  then  both 

'**')D(lftry  ionisation  and  primarj'  ionisation,  and  therefore   the 

**'UnitioD-current,  will  be  proportional  to  the  pressures. 

160.    The  easily  absorbed  radiation  given  out  by  a  metal  plate 
^■''(■n  struck   by  Rtintgen   rays   consislH   partly  at   any  rate   of 
*  B.  S.  Allen,  Phil.  Mag.  vi.  !l,  p.  13G.  11103. 
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DtgatiT^-Iv  tlrtTuifirf  puticks.  ia  eaibode  raj-s.  The-  calhode 
ra,\  ~  can  be  dL-'tiiiipnilwd  l^^  beii^  deflect^  by  a  mAgntitic  field, 
and  bv  cam,  .r.  j  ^ih  ttwm  «  dia^e  of  n^vtire  dectricttjr  so  tW 
the  m^tal  piiv  irotn  «4ucfa  tkij-  atart  waald,  if  insulated.  Boquin 
a  charge  of  ;-  -ris^  elMtncitr.  Dora*  has  abowa  that  laj-s  which 
can  be  defi>-<  ;■-]  br  a  magnet  arv  emitled  by  plates  of  lead  ftod 
platinum,  arj :  '..  a  soiaUer  extent  by  plat«s  of  copper  and  nnc 
when  exp*-.t  -..  Ron^^tai  raya.  Tbe  direction  of  the  deflection 
is  the  same  ^-  xhn  imiag  from  the  metal    Curie 

and  Sagnat-'  ^r.-;  ntetal  plate  emite  negsljve 

electricity  an^i  a«ji  "B*!  "•  '^^  *o  demonatnte 

this  eifect   it   is  ih  in  a  good  Tacauni,  as  if  the 

jilate  is  surpjundec  ppreciaUe  pressoie.  the  con- 

ductivity of  the  air  ry  and  secondary  radiation*  is 

so  jfreat  that  any  d  e  leaks  away  before  it  oui  be 

obser\ed.     One   of  cd  by  Cone  and  Sagnw  W 

deinonstrat'    ih.-  el  te  is  shown  in  Fig.  75,        ■ 


A  thin  pifce  of  metiil  M  is  insulated  and  connected  with  oC* 
jMiir  "f  (jiin<lnints  of  an  electrometer;  M  is  enclosed  in  a  inet^ 
box  AHCl)  which  is  connected  with  the  earth,  the  lower  fac*^ 
of  the  box  ia  pierced  with  windows  closed  with  thin  foil  of  th* 
snnif  nmteriftl  as  the  box ;  the  bulb  I  which  produces  the  rays  is 

•   Dorn,  Abbanil.  d.  itatitrf.  Of.  lu  Halle,  xiii. 
t  Curio  and  Sagnae,  Journal  dr  Phyiique  [1],  i 
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I  in  a  box  covered  with  lead.     When  the  plate  hi  and  tho 

I  are  made  of  different  metals,  then  at  atmospheric 

the  concluelivity   of  the   air   is   considemble,   and    the 

lent  acta  like  a  galvanic  battery,  a  potential  difference 

the   contact   difference   of  potential   being  established 

Ben  M  and  the  box ;  as  we  exhaust  the  air  from  the  box  this 

e  remains  at  first  unaltered,  but  when  a  verj-  good  vacuum 

laiaed  the  potential  difference  \r  greatly  increased;  thus  when 

bte  M  is  made  of  platinum  and  the  box  of  alumiutum,  Curie 

Sagnnc  found  that  at  atmospheric  pressure  M  was  positive  to 

x  by  leas  than  1  volt,  but  at  a  high  vacuum  the  potential  of 

9  greater  than  that  of  the  box  by  about  30  volts.     This 

B  that  the  platinum  emits  more  negative  electricity  than  it 

»  from  the  aluminium.     If  the  plate  M  is  aluminium,  and 

W  platinum,  the  plate  acquired  a  negative  charge.     Curie 

"I  Siignac  showed  that  the  penetrating  power  of  these  negatively 

"■"%iA  rays  was  of  the  same  order  as  that  of  the  Lenard  rays, 

h'ce  of  aluminium  foil  about  46  x  10~*  cm.  thick  reducing  the 

'  iin  of  negative  electricity  by  about  40  per  cent.:  from  this  we 

1  TOQclude  that  the  velocity  of  the  secondary  rays  is  of  the 

'"   order  as  that  of  cathode  rays  in  a  highly  exhausted  tube, 

lii'tween  10*  and  10'"  cm./soc.     Dom*  has  measured  tho  mag- 

I-  deflection  of  these  rays  and  finds  velocities  varying  from 

■^  10"  to  8-5  X  10*  cm./sec.,  the  values  depending  upon  that 

'itned  for  ejm. 

B  may  compare  the  effects  produced  when  Bontgen  rays  fall 

k  metal  plate  with  those  produced  by  the  incidence  of  ultra- 

t  light ;  in  both  cases  cathode  rays  are  emitted  by  the  metal. 

Itccondary  Rontgen  rays  may  be  compared  with  the  reflected 

I  or  perhaps  with  greater  accuracy  with  the  phosphorescent 

J  given   out  by  certain   substances   under   the   influence   of 

triolet  light;    for  while  the  reflected   light  is  of   the  same 

y^  AS  the  incident  light,  the  secondary  Kdntgen  rays  are  not 

I  same  nature  as  the  primary  rays,  part  at  least  of  tho 

rays    being    much    more    easily    absorbed    than    the 

'  ones. 

account   of  the   great  absorption   of  the  secondary  and 
Ide  rays,  the   layor  from   which   they  come   must  be  very 
•  Itorn,  LonnU  JuUlct  Voluau,  p.  595,  IBOO. 


318  lONISATION   BT   R5NTQ£N  RAT&  [U 

close  to  the  surface :  thus  suppose  AB  is  the  tsLce  of  a  metal 
plate  on  which  Rontgen  rays  are  incident,  let  the  primaiy  rays 
penetrate  to  CD,  then  all  the  metal  between  AB  and  CD  will  be 
emitting  secondary  and  cathode  rays,  but  it  is  only  the  secondary 
rays  which  come  from  a  thin  layer  ABEF  which  escape  extinc- 
tion before  reaching  the  sur&ce,  and  as  the  cathode  rays  are  still 
more  easily  absorbed  it  is  only  those  from  a  still  thinner  layer 
ABEF'  which  emerge  into  the  air. 

The  amount  of  secondary  radiation  which  emerges  from  the 
metal  is  but  a  small  fraction  of  that  developed  by  the  primarj' 
radiation,  the  greater  part  of  the  secondary  radiation  produced  in 
the  metal  is  absorbed  before  it  emerges  fit)m  the  surface.    To  cal- 
culate the  proportion  between  the  amount  of  energy  which  emerges 
and  the  whole  amount  produced  we  may  proceed  as  follows.   Let 
7  be  the  coefficient  of  absorption  in  the  metal  of  the  primary  rays, 
then  if  /©  is  the  intensity  of  these  at  the  surface,  their  intensity  at 
a  depth  x  will  be  equal  to  /o€~>*;  let  the  energy  of  the  secondary 
radiation  emitted  by  a  stratum  of  metal  between  x  and  x-\'dx  b^ 
pIo€^y^dx,  if  13  is  the  coefficient  of  absorption  of  the  secondary  ray^  ' 
the  energy  of  this  radiation  when  it  emerges  fix)m  the  metal  will  b^^ 

thus  the  total  energy  in  the  emergent  rays  is 


iK/V'>-''-da.  =  i;^. 


The  total  amount  of  energy  in  the  secondary  ionisation  is 


Jo 


_pIo 


7 


Thus  the  energy  in  the  rays  which  emerge  bears  to  the  whole 
energy  the  ratio  of  7  to  2(7-f-)8).  The  ionisation  due  to  the 
whole  of  the  secondary  rays  would  therefore  be  2  (7  +  /9)/7  times 
the  ionisation  observed  in  the  experiments  described  in  Art.  158. 
Let  us  compare  this  with  the  total  amount  of  ionisation  which 
would  be  produced  if  the  primary  radiation  were  entirely  absorbed 
in  the  gas.  If  I  is  the  ionisation  produced  per  cm.  of  path  by 
the  primary  radiation  the  total  amount  of  ionisation  which  would 
be  produced  if  all  the  primary  radiation  were  absorbed  is  Ijy,  y 
being  the  coefficient  of  absorption  of  the  primary  rays  in  air. 
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Thus  if  No  and  N  are  respectively  the  number  of  ions  produced 
by  the  absorption  of  all  the  secondary  rays  and  primarj'  rays, 
/'  the  number  of  ions  produced  by  the  secondary  rays  which 
emerge  from  the  plate, 

2(/3  +  7)  p 
A'.  7 

N 7 

/ 

7 

As  the  secondary  rays  are  much  more  easily  absorbed  than 
the  primary,  /8  is  large  compared  with  7,  so  that  approximately 

N~  y   I' 
7 

Kow  when  the  density  of  the  absorbing  medium  is  increased 
^^  absorption  of  the  soft  rays  is  in  general  increased  in  a  greater 
P^portion  than  that  of  the  hard,  hence  if  yS'  is  the  absorption 
^'^6Bcient  of  the  secondary  rays  in  air, 


th 


7      7 

N,  ^  2^  r 

N^  i  I 

7 

r 

From  the  results  quoted  on  page  318  we  see  that  for  copper 
-'  /-'=2*54,  while  since  the  secondary  rays  are  nearly  absorbed  by 
^  l^yer  of  air  2  mm.  thick  fi'  will  be  greater  than  5.     Thus 

N 

j^  >  25-4, 

^  that  the  secondary  rajrs  are  capable  of  producing  many  more 
^^*i8  than  the  primary.  Hence  either  the  primary  rays  when  they 
P^^  through  heavy  metals  give  rise  to  a  liberation  of  energy,  as  is 
^^He  for  example  by  light  waves  when  they  pass  through  a  mixture 
hydrogen  and  chlorine,  or  else  the  proportion  of  the  energy  of 
^^  secondary  radiation  spent  in  ionisation  is  much  larger  than 
f k  ^  for  the  primary  rays.  There  are  some  grounds  for  believing 
^^  both  these  effects  occur.    We  know  that  only  a  small  ft«iC,\»\Qti 


ftun  »•  ka»w 
nod  »t  tiK>v 

vjttf:  '3i/>e*  tJ  -r-  „• 
dtzvri'/jjf^  in  Ind 
in  thi;  ]<^  i>  »bo« 
f'-il  M,  t(wi  i. 


i^ 


1        ii  rfB 
111  iifTiM^mngT-rJiVr-mril^MtT-^ 


if  th'rn:  »a*  ik,  lib 


the  (i 


t.k. 


Ilnif 

erance  {Mints  to 
of  tiie  I»d.    This 

»f,   in',  ri-rinji;  -  t   resnll.  e^  it  snc^vsts  ihat 

nyt*  mav  furnish  a  means  of  tapping  the  stores  of  int«r- 
H':r'^v.     Thi;  phenomena  of  radio-actaTitv  lead  ns  to  the 
in  that  thi:  atiiount-s  of  energj-  stored  in  the  atoms  of  the 
'rriorrijijiiKly  greater  than  that   liberated  when  th*«e 
jwirt  in  any  known  chemical  reactions. 


til 


rrniil'^ncir  of  Riintgen  rays  on  elements  having  large 
wi-jghtH  gives  rise  to  the  emission  of  negative  corpuscles 
,  iiH  Onni  h!i«  shown,  at  the  rate  of  lO'cm./sec.  The  laigc- 
this  vi'l'Miity  indicates  that  these  corpuscles  do  not  acquire 
iirrgy  iliri;(rLly  from  the  incident  rays,  and  suggests  that 
i;  j>ri)j';<;t<.'(l  from  the  atom  by  an  explosion,  due  to  some 
iriHtiibility  in  tht-  atom  brought  about  by  the  incidence  of  the 
riiy»,  tin:  ini-rgy  of  the  corpuscle  being  derived  from  the  internal 
riju-rgy  of  ihi-  titoni  rather  than  from  the  energy  in  the  incident  rays. 
For  if  tills  velocity  arose  from  the  direct  action  of  the  electric  force 
X  in  till'  incident  mys,  then  if  t  is  the  time  the  pulse  takes  to 
Imvi'l  oviT  the  corpuscle 

lO'  =  X~t. 


or  Xl  -  00  since  e/m  -  1-7  x  IW. 
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The  energy  per  unit  area  of  the  incident  pulse  is  equal  to 

1  Z«8 

where  8  =  Ff  is  the  thickness  of  the  pulse,  and  V  the  velocity 
of  light ;  putting  Xt  =  60  we  see  that  this  energy  is  equal  to 
3*6  X  10»/47r8,  or  taking  8  =  10~'  as  a  superior  limit,  this  energy 
would  be  nearly  one  calorie,  an  altogether  inadmissible  amount. 

The  experiments  by  Bumstead  suggest  that  the  incidence 
of  the  rays  liberate  energy  from  the  atom,  and  Barkla  has  recently 
shown  that  the  penetrating  power  of  the  soft  secondary  radiation, 
and  therefore  presumably  the  velocity  of  the  corpuscles,  is  indepen- 
dent of  the  intensity  of  the  incident  rays,  i.6.  does  not  depend  upon 
X ;  this  again,  as  in  the  corresponding  case  with  ultra-violet  light, 
is  in  fevour  of  the  view  that  the  secondary  rajrs  are  projected  by 
an  explosion  of  the  atom  under  the  influence  of  the  rays  and  not 
by  the  direct  action  of  the  electric  field  in  the  rays  on  the 
corpuscles. 

Theory  of  the  Secondary  Radiation. 

161.  The  secondary  radiation  is  readily  explained  if  we  adopt 
the  theory  of  the  Rontgen  rays  given  in  a  subsequent  chapter. 
On  this  theory  the  rays  are  regarded  as  the  pulses  of  intense 
electric  and  magnetic  force  which  must,  by  the  laws  of  Electro- 
dynamics, be  produced  when  rapidly  moving  electrified  particles, 
such  as  cathode  rays,  are  suddenly  stopped.  It  is  shown  that  on 
the  stoppage  of  the  particle  a  spherical  pulse  of  intense  electric 
and  magnetic  force  travels  outwards  with  the  velocity  of  light. 


When  the  velocity  of  the  particle  is  small  compared  with  that  of 
light,  the  distribution  of  the  electric  and  magnetic  forces  in  the 
pulse  is  as  follows.  If  0,  Fig.  76,  is  the  position  of  the  electrified 
particle  after  it  is  stopped,  (XO  the  direction  along  which  it  was 

T.  o.  21 
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moving,  e  its  charge,  v  its  velocity,  and  V  the  velocity  of  light ; 
then  when  the  pulse  reaches  a  point  P,  the  electric  force  at  P  is 
at  right  angles  to  OP  and  in  the  plane  of  the  paper  and  equal  to 

J70P' 

where  B  is  the  thickness  of  the  pulse  and  0  the  angle  POQ^.  The 
magnetic  force  at  P  is  at  right  angles  to  the  plane  of  the  paper 
and  equal  to 

evsinO 

J70P' 

Thus  both  the  electric  and  magnetic  forces  vanish  along  the  line 
of  motion  of  the  electrified  particle,  and  the  electric  force  at  P  is 
in  the  plane  through  P  and  the  line  along  which  the  particle  is 
moving. 

This  view  of  the  origin  of  the  Rontgen  rajrs  is  strongly  sup- 
ported by  some  very  interesting  experiments  recently  made  by 
Barkla*.  The  principle  of  these  experiments  is  as  follows.  Let 
10,  Fig.  77,  be  a  stream  of  cathode  particles  striking  a  solid  taiget 

^ 


Fig.  77. 

at  0  and  OP  a  bundle  of  Rontgen  rays  coming  out  at  right  angles 
to  10 y  the  incident  cathode  rays.  If  all  the  cathode  particles  were 
stopped  at  their  first  encounter  with  the  target,  the  electric  forces 
in  the  pulses  at  P  would  all  be  in  the  plane  of  the  paper  and  at 
right  angles  to  OP.  If,  as  is  actually  the  case,  the  cathode  rays 
collide  with  several  particles  before  they  are  stopped,  the  electric 
forces  in  some  of  the  pulses  will  not  be  in  the  plane  of  the  paper ; 
there  will  however  be  a  preponderance  of  forces  in  this  plane,  and 
there  will  be  an  effect  of  the  same  quality  though  not  of  the  same 
intensity  as  if  the  forces  were  entirely  in  this  plane.  Assuming  this 
to  be  the  case  let  us  see  what  will  happen  if  the  rays  fell  on  a  gas 


Barkla,  P?uL  Tram,  A,  204,  p.  467. 
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at  p.  The  electric  force  in  the  rays  will  siiddenly  start  into  rapid 
ootion  the  corpuscles  in  the  gas,  the  direction  of  their  motion  being 
*t  right  angles  to  OP.  Pulses  are  produced  when  an  electrified  body 
i«  suddenly  started  of  the  same  character  as  those  generated  when 
tie  body  is  suddenly  stopped ;  these  pulses  constitute  the  secondary 
radiation  given  out  by  the  gas.  Let  us  comjMire  the  intensity  of 
M?condaiy  radiation  at  two  points  Q  and  R  equidistant  from  P  and 
such  that  PQ  is  in  the  plane  of  the  paper  and  parallel  to  10,  while 
PR  is  at  right  angles  to  this  plane.  Since  FQ  is  on  the  line  along 
which  the  corpuscles  are  started  the  intensity  of  the  secondary 
ladiaCion  will  be  a  minimum  at  Q,  while  it  will  be  a  maximum  at 
I  &  aince  PR  ia  at  right  angles  to  the  velocity  of  the  corpuscles.  If 
low  the  bulb  is  rotated,  keeping  0  fixed  until  the  stream  of  cathode 
•articles  is  at  right  angles  to  the  plane  of  the  paper,  the  intensity 
f  the  aecondarj'  radiation  will  be  a  minimum  at  R  and  a  maximum 
t  P.  Barkla  found  a  well-marked  effect  of  this  character ;  when 
'  stream  of  cathode  particles  was  in  the  plane  of  the  paper  the 
Mwiary  radiation  was  greater  at  R  than  at  Q,  while  when  the 
I  rays  were  at  right  angles  to  the  paper  the  secondary 
*iitttion  was  greater  at  Q  than  at  R. 

Let  us  suppose  that  such  a  pulse  is  travelling  through  a 
ium  containing  corpuscles — it  is  not  necessary  that  the  cor- 
"Usclea  should  be  free:  when  the  pulse  reaches  a  charged 
!*"T>Uscle  the  corpuscle  will  be  acted  on  by  a  very  intense  force 
'  it9  motion  accelerated.  Now  when  the  velocity  of  a  charged 
"■y  is  changing  pulses  of  electric  and  magnetic  force  proceed 
I  the  body,  the  magnitude  of  these  forces  being  proportional 
e  acceleration  of  the  body:  thus  while  the  primary  Rontgen 
;  is  passing  over  the  corpuscle  and  accelerating  its  motion, 
Mrpuscle  gives  out  a  pulse  of  electric  and  magnetic  force — 
Becond«ry  ROntgen  pulse — the  secondary  pulse  ceasing  as 
*1  as  the  acceleration  of  the  corpuscle  vanishes,  i.e.  as  soi^n 
the  primary  pulse  has  passed  over.  It  ia  easy  to  compare 
unergy  in  the  secondary  pulse  with  thai  in  the  primary, 
8ii|qiose  the  corpuscle  0  is  moving  parallel  to  the  axis 
let  /  be  its  acceleration,  then  it  emits  a  pulse  of 
fttic  force  such  that  when  the  pulse  reaches  the  point  P.  the 
uitude  of  the  force  is  equal  to  feainBlV .OP,  V  being  the 
y  of  light,  B  the  angle  between  OP  and  the  axis  of  a:,  and 
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e  the  charge  on  the  corpuscle  in  electromagnetic  units ;  the  direction 
of  the  force  is  at  right  angles  to  OP  and  the  axis  of  x ;  this  magnetic 
force  is  accompanied  by  an  electric  force  at  right  angles  to  OP  in 
the  plane  containing  OP  and  the  axis  of  x,  and  equal  in  magnitude 
to  fesinOlOP:  hence  by  Pojniting's  theorem  the  flow  of  energy  is 
along  OP,  and  since  the  quantity  of  energy  flowing  across  unit 
area  in  unit  time  is,  when  as  in  this  case  the  electric  and  magnetic 
forces  are  at  right  angles  to  each  other,  equal  to  the  product  of  the 
electric  and  magnetic  forces  divided  by  47r,  the  rate  at  which  energy 
flows  across  unit  surface  is  equal  to 

J^  eV « sin'  0 
47r    V.OP'  ' 

integrating  this  expression  over  the  surfisice  of  a  sphere  with  the 

ion  as  centre,  we  see  that  the  rate  at  which  energy  is  leaving  the 

corpuscle  is  equal  to 

2e»/' 

3    V  ' 

and  the  total  amount  of  energy  emitted  by  the  corpuscle  ia 
equal  to 


i  t//''^'- 


Now  suppose  that  the  electric  force  in  the  primary  B5ntgen 

pulse  is  parallel  to  x  and  equal  to  X,  then  if  m  is  the  mass  of  the 

Xe 
corpuscle  /=  — ;  substituting  this  expression  for  /  we  find  that 

the  energy  emitted  by  the  corpuscle  is  equal  to 


i  ^/™' 


the  integration  extending  over  the  time  taken  by  the  pulse  to 
pass  over  the  corpuscle ;  if  d  is  the  thickness  of  the  pulse  and  if 
X  is  constant  from  the  front  to  the  back  of  it,  then 

X'd 


I 


X'dt  = 


and  thus  the  total  energy  in  the  secondary  radiation  emitted  by 
the  corpuscle  is  equal  to 

2  e*  X^ 


e 
-t 
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If  ^  is  the  energy  per  unit  area  of  the  pulse,  then 

thus  the  energy  emitted  by  the  corpuscle  is  equal  to 

3  m«     ' 

Mid  if  there  are  N  corpuscles  per  unit  volume  the  energy  of 
the  secondary  radiation  per  unit  volume  is 

3    m«     • 

Though   each  pulse  of  secondary  radiation  given   out  by  a 

^rpuscle  is  of  the  same  thickness  as  the  primary  pulse,  yet  the 

P^perties  of  the  secondary  radiation  may  be  very  diflFerent  from 

*'*i08e  of  the  primary,  for  each  pulse  of  primary  radiation  causes 

®^h   corpuscle   to  emit  a  pulse  of  secondary  radiation,  so  that 

^^  single  primary  pulse  produces  a  great  number  of  secondary 

Pulses  following  each  other  at  intervals  which  depend  upon  the 

P'^ximity  of  the  corpuscles   in   the   medium   traversed   by   the 

P^tnary  waves;    the   properties  of   this   train   of  pulses   would 

^pend  upon  \,  the   average  distance  between   the   corpuscles: 

^^y  would  approximate  to  those  of  light  of  wave-length  X  and 

^&lit  thus  diflFer  materially  from  those  of  the  primary  rays.     In 

^^t  on  this  point  of  view  there   is   much   the  same   difference 

^ti^een  the  primary  and  secondary  rays  as  there  is  between  the 

^^rp  crack  of  lightning  and  the  prolonged  roll  of  thunder. 

We  see  from  the  preceding  equations  that  in  passing  over 
distance  da?,  the  primary  pulse  causes  the  corpuscles  to  emit 
^^^^ndary  radiation  whose  energy  is 

Sir  Ne"  „. 
3    m»  ' 

this  were  the  only  loss  of  energy  experienced  by  the  primary 
^^3^,  we  should  have 

dE  =  — jz 7  Edx, 

3    w' 
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wt  tliiit  th'^  o[iacity  of  the  sabetaaoe  to  tJbe  primaiy  rays  would  be 

iiM^ttMiire^i  by 

8xAV 


«  » 


3    m 

ItuM  iH  inde[>endent  of  d,  the  thickness  of  the  pulse,  and  depends 
ifMti'itly  u[K>n  the  medium  and  not  upon  the  kind  of  rays  passing 
through  it:  the  very  great  difference  between  the  penetrating 
|iowt«r  of  hard  and  soft  rays  shows  that  the  energy  spent  in  the 
Mitcondary  radiation  cannot  be  the  only  cause  of  the  absorption  of 
th«*  jiriinary  rayH. 

Harkla*,  who  has  made  very  valuable  investigations  on  the 
Hiu'ondary  Ittuliation  produced  by  Bontgen  rays,  finds  that  for 
i^ltimoutH  of  mnall  atomic  weight  the  coefficient  of  absorption  for 
tho  MtuMHulary  radiation  is  the  same  as  that  for  the  primary;  thus 
|M'inuiry  and  Hoeondary  radiations  are  of  the  same  type,  so  that  the 
muMindary  may  bo  rt^ganlod  as  scattered  primary  radiation.  He 
HiuIh  that  tho  bohaviour  of  the  secondary  radiation  is  in  accordance 
>vith  thti  thtH^ry  just  given,  for  he  shows  that  the  proportion 
botwtH^u  tht»  onoiyy  si^attered  by  a  cubic  centimetre  of  a  light 
MulmUuioo  and  tho  enorgj*  of  the  primary  radiation  which  has 
IumuhhI  thixnvgh  tho  o\ibio  wutimetre  is  independent  of  the  nature 
\^f  tho  |u^imai\v  mdiatiiui»  it  is  the  same  whether  this  be  hard  or 
iiort :  R^^  diAoivut  ^ub^taiK'^es  this  ratio  is  directly  proportional  to 
iho  vloiuiity  \^*  tho  »\ibstauiv  s^i^  that  equal  masses  scatter  equal 
MUu^u\U  \xt'  ouoi^\    Tho  }uroceding  invesligatioD  shows  that  the 

i^Hvi'jsj-  \xf  Iho  5)ioix^HiarY  riMiiatioii  is  ^^  ^  that  of  the  piimary; 

It^v^  Iho  ttiHl  Uw  1^4 W$  al  K>aco.  aud  the  s^^cood  abo  ibllows  if  we 
«U|i^Hiii^  lK«t  |K<^  «tt«ii»  v>f  a  subslawre  is  pr^i^portioiial  to  the 
um^W  v>f  v\vr|m^4ietst  ii  ci^nudns^ 

hMiiU  &»*>  iKat  Ih^  einwrj^r  of  the  scaitercd  ndtilioii  firom 
W^  ^HfcW^^  wiilUtt^lw  of  *ir  isJ  aboul  "WW  Una  of  rf»  pnouLKT 

^UMI  Air- 10. 
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is  the  Qiimber  of  molecules  of  air  in  a  cubic  centimetre 
ne=  4, 
Ua  each  molecule  of  air  contains  about  25  corpuscles,  or  the 
number  of  corpuscles  in  each  atom  would  be  approximately  equal 
to  its  atomic  weight.  Since  the  energy  scattered  is  proportional 
l<»  the  density  of  the  gas.  this  result  if  true  for  one  element  would 
be  true  for  all. 

162.  When  the  primary  rays  pasa  through  substances  of  high 
"toniic  weight  the  seeondai^-  rays  are  no  longer  all  of  the  same 
type  as  the  primary,  a  portion  of  them  are  very  ranch  more 
«*sily  absorbed  than  the  primary  ones. 

When  a  corpuscle,  after  displacement  by  the  primary  rays,  is 
acted  on  by  very  intense  forces  arising  from  the  proximity  of  other 
«^rpuscles,  it  is  evident  that  the  character  of  the  secondary  pulae 
w^l  not  be  the  same  as  when  these  forces  are  small,  for  in  the 
l&tter  case  the  acceleration  of  the  particle  will  sink  to  a  very  small 
"Mile  as  soon  as  the  primary  pulse  has  passed  over  it,  so  that  the 
thickness  of  the  secondary  pulse  will  be  approximately  the  same 
**  that  of  the  primary ;  in  the  former  ease  the  acceleration  of  the 
*^***Ti'^scie  will  be  large  long  after  the  primary  pulse  has  passed 
'^ay,  thus  the  breadth  of  the  pulse  will  be  much  increased  and 
"*  mdiatJon  will  be  of  a  different  character  from  that  of  the 
Priinafy 

The  change  in  the  character  of  the  radiation  seems  to  occur 

J-    liost  abruptly  at  a  particular  atomic  weight,  thus  Barkla  found 

**'»id enable   quantities   of    the    easily   absorbed    radiation   irom 

'•^ium  and  elements  of  greater  atomic  weight,  while  he  could  not 

^**?ct  it  at  all  ft^m  any  substance  with  an  atomic  weight  less  than 

|»  ^'it  of  calcium. 

^B^     The  corpuscles  will  not  only  scatter  and  radiate  some  of  the 

B^^^rgy  of  the  primary  rays,  they   may   themselves  absorb   and 

«iin  a  considerable  amount  of  energy,  so  that  part  of  the  energy 

t-he  primary  radiation  may  ajjpear  as  kinetic  energy  of  the 

7^*^*uscles  inside  the  atom.     The  amount  of  energy  absorbed  in 

^^P^s  way  will  depend  upon  the  distribution  of  the  electric  force  in 

^^P^  primary  puise;  thus,  for  example,  we  might  have  a  pulse  in 

^^P^'ich  the  electric  force  waa  the  same  from  back  to  front,  or  we 

'*"ght  have  a  pulse  with  the  same  total  amount  of  energy  but 

'"^th  n  much  more  complicated  distribution  of  electric  force ;  this 


i 
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force  might  be  in  one  direction  in  the  front  of  the  pulse  and  in 

the  opposite  direction  in  its  rear.     The  energy  scattered  by  the 

corpuscles  would  be  the  same  in  the  two  cases,  but  the  energy 

absorbed  by  them  would  be  very  different.     We  shall  calculate  the 

energy  absorbed  (1)  on  the  assumption  that  the  electric  force  is 

constant  throughout  the  pulse,  and  (2)  on  the  assumption  that  the 

force  is  equal  to  X  through  one  half  of  the  pulse  and  to  —  X 

through  the  other  half.     In  the  first  case,  m  being  the  mass  of  a 

doc 
corpuscle,  e  its  charge,  -z-  the  velocity  of  the  corpuscle  after  the 

pulse  has  passed  over  it, 

1  dx      [^   ,      XSe 

then  ^^lif~  jX€at=  -^^ , 

8  being  the  thickness  of  the  pulse  and  V  the  velocity  of  light.     The 
kinetic  energy  acquired  by  the  corpuscle  is 

.  The  energy  E  per  unit  area  of  the  pulse  is 

1  Z'S 

so  that  the  energy  acquired  by  a  corpuscle  is 

ZTT  m 

and  if  there  are  N  corpuscles  per  unit  volume,  the  energy  given  to 
the  corpuscles  when  the  pulse  travels  over  a  distance  dx  is 

^  -  BNEdx. 
zirm 

Let  us  now  consider  the  effect  produced  on  a  corpuscle  when 
a  pulse,  one  half  of  which  is  positive  and  the  other  negative,  passes 
over  it.  Let  X,  —  X  he  respectively  the  electric  forces  in  the 
positive  and  negative  halves  of  the  pulse,  d  the  thickness  of  either 
pulse;  then  the  positive  pulse  gives  to  the  corpuscle  a  veloci^ 
Xed/Vni,  and  the  corpuscle  on  the  arrival  of  the  second  pulse  wiU 
have  moved  through  a  distance  ^(Xed/Vm)  (d/V),  The  second 
half  of  the  pulse  gives  to  the  corpuscle  a  momentum  equal  and 
opposite  to  that  given  to  it  by  the  first  pulse  and  thus  reduces  it 
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to  rest :  the  joint  action  of  the  pulse  on  the  corpuscle  is  to  leave 

the  velocity  unaltered,  and  to  displace  it  through  a  distance  ^ 

given  by  the  equation 

fc  _  Xe  d  d 

If  we  suppose  that  the  ion  was  in  equilibrium  in  the  position 
^^0,  and  that  when  displaced  from  this  position  the  force  tending 
to  bring  it  back  is  fif,  the  work  done  in  displacing  the  corpuscle 
through  the  distance  f  is  i^',  thus  the  energy  communicated  to 
the  corpuscle  is 


m 


V 


If  E  IB  the  energy  in  the  pulse  per  unit  area,  we  have 

^"27rF»  ' 
hence  the  work  done  on  the  corpuscle  is  equal  to 

If  n  is  the  frequency  of  the  free  vibration  of  the  corpuscle, 
n^  =  fi/m,  so  that  the  work  done  on  the  corpuscle  is 

^.  ^  '^  p 

m  A," 

where  X  is  the  wave-length  of  the  free  vibration  of  the  corpuscle. 
Thus  the  work  done  on  the  corpuscles  when  the  two  pulses  travel 
over  a  distance  Bx  is  equal  to 

4rrr> -d'tfz  Ehx  =  hEix,  say, 

where  N  is  the  number  of  corpuscles  giving  out  light  of  the  wave- 
length \  in  unit  volume ;  hence  we  have 

or  E  =  Eo€-^ ; 

h  is  the  coefficient  of  absorption  of  the  medium  for  the  Rontgen 
rays  when  we    take  into  account  the   energy  absorbed   by  the 
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ions  and  neglect  that  radiated  by  them;  we  see  that  for  a  pulse 
in  which  the  electric  force  is  uniform  the  euergj'  absorbed  by  the 
corpuscles  is  projjortional  to  the  thickn^  of  the  pulse,  while  when 
the  distribution  of  force  in  the  pulse  consists  of  a  force  in  one 
direction  in  one  half  of  the  pulse  and  an  equal  force  in  the  opposite 
direction  in  the  other  half  the  energy  abeorbed  by  the  corpuscles 
is  proportionul  to  the  cube  of  the  thickness  of  the  pulse.  For  any 
pulse  which  can  be  made  up  by  superposition  of  these  distributions 
the  energy  absorbed  will  be  proportional  to 

AS  +  B&, 
where  B  is  the  thickn    "    '  '^  ~    "   '  i.     For  very  thin  pulses  the^ 
first  term  will  be  the  ,  and  then,  as  a  reference  to- 

p.  328  will  show,  the  ei  >y  the  particles  depends  onlj— 

upon  the  mass  of  the  i  tn  and  not  upon  its  chemicaB^ 

comjMJsition. 

Sagnac,  by  allowii  ya  to  fell  on  metal,  has  ob — 

tained  tertiary  rays,  w.  ore  easily  absorbed  than  th^ 

secondary;  he  suggest  ^petition  of  this  process  w^ 

might   ultimately   get  the   properties   of   ordinan^ 

light.    As  yet,  however  ys  have  been  obtained  whiclcir 

show  any  trace  of  refr.  issing  from  one  medium  t^ 
another. 

163.  The  heating  effects  produced  when  Rontgen  rays  are  al^ 
sorbed  by  metals  was  first  measured  by  Dom*;  Rutherford  an^^ 
M'^Clungt  made  this  effect  the  subject  of  an  extensive  series  c^ 
measurements,  using  a  bolometer  to  determine  the  increase  in  ten^ 
perature  produced  by  the  rays.  Their  measurements  were  made  witi-* 
the  object  of  finding  the  energy  in  the  rays  and  it  was  assumed  th^^'' 
this  was  equal  to  the  mechanical  equivalent  of  the  heat  produce^-* 
when  the  rays  are  totally  absorbed  by  the  metal.  Recent  expei-i- 
ments  made  by  Professor  BumsteadJ  at  the  Cavendish  LaboratOHO^ 
make  the  legitimacy  of  this  assumption  very  doubtfiil.  BuiK*" 
stead  found  that  with  equal  absorption  of  the  rays  the  he^*' 
developed  when  the  rays  were  absorbed  by  lead  was  nearly  twi.«3^ 
as  great  as  when  they  were  absorbed  by  zinc  ;  the  heat  developer 

*  Dora,  Wifd.  Ann.  Ixiii.  p.  160,  1897. 

+  Rathetford  sod  H'CiaDg,  Phil.  Tntnt.  A,  ciori.  p.  35,  190S. 

;  BamBtoad,  Phil.  Mag.  [«],  xi.  p.  293,  1906. 
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i  measured  with  a  radiompter.  This  result  suggests  that  the 
rays  produce  some  change  in  the  atoms  of  the  substance  through 
wHich  they  pass  and  that  part  of  the  heating  effect  is  due  to 
energy  liberated  by  tins  change.  The  question  raised  by  this 
investigation  is  of  the  greatest  importance,  as  if  a  change  in  the 
*fcom  occurs  under  the  influence  of  KiJntgen  rays  a  way  is  opened 
uj>  of  lapping  the  storesof  energy  which  we  have  reason  to  believe 
afe  contained  in  the  atoms  of  the  various  eleraents.  In  this 
crtTiuection  it  would  he  interesting  to  try  whether  the  heat  de- 
I'e'loped  by  radium  in  a  given  time  depended  on  the  medium  used 
t^  absorb  its  radiation,  and  also  whether  if  radium  were  kept  for  a 
'•^Tig  time  in  contact,  say,  with  lead,  other  elements  would  gradually 
I**?  prxxluced.  The  ores  in  which  radio-active  substances  are  found 
">"«•  remarkable  for  the  number  of  elements  they  contain,  may  it 
n«*t.  be  possible  that  this  may  be  partly  due  to  transmutation  of 
tl-i«e  elements  under  the  action  of  the  radiation  from  these  sub- 
'■t-^.nces ' 

I  have  tried  a  large  number  of  experiments  to  see  if  the 
'*^<:iilence  of  the  Riintgen  rays  on  metals  gives  rise  to  any  products 
*^l»ii:h  are  radio-active  after  the  rays  have  ceased  to  fall  upon  the 
"^^^tal.  The  secondary  radiation  excited  by  Riintgen  rays  with  its 
'^'  *»nbination  of  very  easily  absorbable  and  more  penetrating  radia- 
*i«>n  is  remarkably  analogous  to  the  radiation  emitted  by  radio- 
*^^tive  substances  {see  Chap,  xii),  and  this  suggests  that  the  metal 
'^  radio-active  while  the  rays  are  incident  upon  it.  I  was,  however, 
'*  'lable  to  detect  any  residual  radio-activity  in  the  metal  after  an 
''^]>oeure  of  several  hours  to  strong  RSntgen  rays.  Similar  experi- 
'*"»«ajt«  in  which  the  radiation  from  radium  was  used  instead  of 
^<intgen  radiation  have  been  made  by  Professor  Bumst«ad*  and 
"*y8elft,  but  with  negative  results. 

The  passage  of  Riintgen  radiation  through  insulating  solids 
.  '*'i  lii^uids  increases  their  conductivity!,  ^^'^  '^  some  cases  this 
Jj^^fease  takes  some  time  to  die  away  after  the  passage  of  the  rays 
^  ceased. 

"  BumiMad,  I'roe.  Cam,  Fhit.  Soc.  liii-  p.  126,  I'JOS. 
+  J.  J.  Thomson.  Proe.  Cam.  Phil.  Soc.  xiii.  p.  1^-4,  1006. 

;  J.  J.  TboaiHOU,  Nature,  6G.  p.  WHi,  1897.    t.  Curie,  Compin  lUiulut.  \H, 
**-  '120,  1909.     B«okeT,  Am.  dtr  Phyt.  xii.  p.  134,  190a. 
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iphic  plate  and  ionised  a  gas 
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164.  SHOHTLYai 

found  that  uranium 

like  RiJntgen  rays,  a 

through  which  it  p 

discovery  of  othtir  bo 

of  these  bodies  has  re 

greatest  interest  and  impum 

This  is  discussed  at  length  by  Rutherford  in  his  treatise  on  Raiiii'- 

activity.     The  subject  is  so  intimately  connected  both  with  the 

theory  of  the  discharge  of  electricity  through  gases  and  with  the 

methods  employed  in  the  study  of  this  subject  that  it  ia  desirable 

to  study,  as  we  shall  attempt  to  do  in  this  chapter,  the  subject  of 

Rftdio- activity  in   especial   relation   to   the   theory  of  Electrical 

Discharge. 

165.  The  very  marked  phosphorescence  produced  in  cerlam 
substances  by  Uiintgen  rays  led  to  a  series  of  investigations  whose 
object  was  to  see  whether  phosphorescence  was  acconspanied  by 
the  emission  of  Rontgen  rays ;  since  Rfintgen  rays  produced 
phosphorescence  the  question  naturally  suggested  itself,  mav  not 
phosphorescence  be  accompanied  by  Riintgen  rays  ?  Early  in  1896 
Henry  '  showed  that  the  phosphorescent  substance  sulphide  of  zinc, 
after  exposure  to  sunlight  or  magnesium  light,  acted  photographi- 
cally on  a  plate  protected  by  black  paper  or  by  thin  aluminium 
foil.  A  little  later  Becquerelf  found  that  if  the  double  sulphate 
of  uranium  and  potassium  was  placed  on  a  photographic  plate 
protected  by  light-proof  paper  and  the  system  exposed  to  the 


*  HenT7,  Comptei  Rfndut,  cxiii 
f  Becquerel,  CompUt  Aindiu,  t 


p.  312,  1896. 
:iii.  p.  4ao,  1B96. 
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6  plate  was  affected :  he  thonghL  at  first  that  ihia  was  diic 
'"   the  phoBphorescence  emitted  by  the   umniuui   while   in   the 
'ight,  he  soon  found  however  that  exposure  to  the  minlight  wsis 
Hot  necessary',  and  that  the  plate  was  equally  affected  in  the 
'lirk.    To  teat  whether  this  effect  was  due  to  a  phosphoreacence 
"hich  had  persisted  from  some  previous  exposure  of  the  uranium 
^It  to  light,  he  took  a  crystal  of  uranium  nitrate  and  dissolved 
rt  in  wat«r  in  the  dark;  he  then,  keeping  it  still  in  the  dark, 
allowed  it  to  recrystallise,  and  tested  its  action  on  the   photo- 
Etaphie  plate  without  ever  exposing  the  crystal  to  light ;  he  found 
that  it  acted  strongly  on  the  plate;  he  found  also  that  the  solu- 
tion of  uranium  nitrate  which  is  not  phosphorescent  is  activet- 
On  these  grounds  Becquerel  came  to   the   conclusion  that   the 
tffect  is  not  due  to  phosphorescence  but  is  a  property  of  the 
metal  itself,     fie  found  too  that  the  salts  of  uranium  as  well  as 
■  tlie  metal  itself  retained  this  radio-active  property  without  sensible 
tjimiaution  after  being  kept  in  the  dark,  some  of  them  in  lead 
^aoxes.  for  more  than  a  year.     In  addition  to  affecting  a  photo- 
^■raphic  plate  protected  by  a  covering  opaque  to  ordinary  light, 
^be  radiation  from  uranium,  like  the  RSntgen  rays,  makes  the  gas 
^Btrough  which  it  passes  a  conductor ;  thus  a  charged  electroscope 
^pith  a  piece  of  uranium  placed  on  the  disc  slowly  loses  its  chaise, 
H^ether  this  be  positive  or  negative,     Becquerel  at  first  thought 
Kliat  the  rays  from  uranium  differed  from  the  Rilntgen  rays  in 
I  l>eing  capable  of  refraction  and  polarisation ;  subsequent  investiga- 
■4ions  made  by  himself  and  others  have  shown  however  that  this  is 
Rot  the  case.     Niepce  de  St  Victor  many  years  ago  found  that 
^Baper  saturat4?d   with  a  solution  of  uranium  nitrate  affected   a 
^Hiotographic  plate. 

H  166.  Rutherford  J  made  a  very  extensive  series  of  experiments 
^pi  the  radiation  from  uranium  and  its  compounds,  using  the  elec- 
^ncal  m<'thod  of  investigation,  i.e.  measuring  the  intensity  of  the 
^Ldiation  by  the  ionisation  produced  by  the  rays.  He  made  the 
^Riy  interesting  discovery  that  the  radiation  from  uranium,  like 
^Le  swMjndary  Rontgen  radiation,  is  a  mixture  of  two  types  of 
^Ldiatiun,  one  type  a  being  absorbed  by  a  few  millimetres  of  air 

^m  *  Becquerel,  Cojnptti  Sendiu,  cuii.  p.  501,  IsgC.  ^^^m 

^M  t  pp.  0!*1,  T6.T.  ^^^M 

H^  i  Bnlhoford,  Phil.  Mag.  t.  47,  p.  100,  1809.  ^^^H 


duced  to  one-t 
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at  Atmospheric  pressiire,  the  other  type  /3  baring  a  penetrating 
power  comparable  with  the  rays  from  a  Rontgen  tube  of  modemie 
exhaustion.  Ruthcil'ord  found  that  the  absorption  by  the  diffewnt 
gases  of  the  a.  tj  jk'  of  radiatiou  emitted  by  uramum  or  any  of  its 
compounds  was  such  that  the  intensity  of  the  radiation  was  re- 
value after  passing  through 

.  of  carbonic  acid  gas. 


to  760  mm.  of  m«rcur 
ion  IB  thus  intermedial 
Gondary  RBntgen  rays, 

own  by  Rutherford  to  1: 


^ 

il>«^ 


43  mi 
7-5  rai 

l(i-3  mi. 

The  pressure  in  all  case 
The  penetrating  ]K}Wfr  < 
between  that  of  ordinary 

The  absorption  <if  th( 
proportional  to  t!ie  ilensi 

Near  a  layer  iifuraniuru  wt  s  a  region  of  very  inten^*-^ 

ionisation  extending  over  the  few  millimetres  necessary  to  absor— ''^ 
all  the  a  niys.  beyond  this  only  the  /S  rays  penetrate,  and  as  the^*-^ 
have  only  small  ionising  power  compared  with  the  a  rays  there  r*^  ^ 
in  this  region  very  much  less  ionisation  than  in  the  layers  close  t^** 
the  uranium,  ThuH  if  we  have  two  parallel  metal  plates  over  on»-^ 
of  which  a  layer  of  uranium  is  spread,  then  if  the  distancr:^^ 
between  the  plates  is  greater  than  that  required  to  absorb  the  ** 
radiation,  the  total  amount  of  ionisation  between  the  plates  arm-" 
therefore  the  value  of  the  saturation  current  which  can  pass  fro"^^"* 
one  plate  to  the  other  will  not  increase  much  as  the  distan*:^^ 
between  the  plates  is  increased,  while  as  long  as  the  distan*^^ 
between  the  plates  is  less  than  that  required  to  absorb  the  " 
radiation  the  saturation  current  will  be  approximately  propo^' 
tional  to  the  distance  between  the  plates;  this  illustration  w:i  '' 
suffice  to  show  that  the  phenomena  of  electric  conduction  und^^^ 
uranium  radiation  are  somewhat  intricate,  they  can  however  fc^^*^ 
readily  explained  by  the  existence  of  the  two  types  of  radiatio*^' 
one  very  easily  absorbed,  the  other  much  more  penetrating. 

Since  the  intensity  of  the  ionisation  is  much  greater  close  t^ 
the  plate  covered  with  uranium  than  at  some  distance  away,  tta^ 
electric  force  near  to  the  uranium  will  be  leas  than  the  averagf* 
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tetween  the  plates ;  this  fall  in  the  electric  force  at  the              1 
here  there  ia  most  ionisation  makes  it  more  difficult  to   ^^^H 
1  a  saturation  current  than  it  would  be  if  the  ioDisatioQ  ^^^H 
oiform  between  the  plates;  this  may  account  for  the  facfr^^^^| 
ped  by   Rutherford  ((.  c.)  that  even  with  large  potential  ^^H 
ces  between   the  plates  the   current   shon'S  an   increase,            ^ 
.  only  a  small  one,  when  the  potential   difference  ia  in-              1 
This  is    illustrated   in   the   curves   in   Fig.  78.  which   ^^^^ 
at  the  relation  between  the  potential  difference  and  the  ^^^| 
under  uranium  radiation.     A  similar  effect  seems  to  occur  ^^^| 
tBes  of  ionisation  by  a  rays,                                                         ^^^^| 
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Fig.  78, 

propoi-tion  between  the  amounts  of  the  /3  and  a  radia 
by  a  layer  of  a  salt  of  uranium  was  found  by  Ruthe 
depend  upon  the  thickness  of  the  layer,  the  thicker 
e  larger  the  ratio  of  the  j9  to  the  a  radiation,  for 
era  the  radiation  is  almost  wholly  of  the  a  type.     Tl 
i  should  expect  if  we  regard  the  a  and  /9  radiation 
lent  of  ffach  other :  for  if  the  a  radiation  is  stopped 
B  (,  of  the  salt,  while  the  &  radiation  is  not  stopped 
kneas  is  (,,  the  ci  radiation  will  not  increase  with 
B  of  the  layer  wh,!u  this  ia  greater  than  (,,  while  t 

ions  ^^^1 
fonl^^H 
the^^H 

is  ^^^H 
s  na^^^H 
by  ft^^^H 
intili^^^H 

tha^^H 

radiation  will  gu  on  iDcrfaeing  until  the  thickness  is  eqa 
If  one  of  the  nuliatJonG  was  produced  by  the  other,  if  for  ( 
the  8  rachation  corresponded  to  primary  Rontgen  rays,  t 
the  more  absorbable  secondary  rays  produced  by  the  impac 
primary  ones  with  the  uranium  close  to  the  surface,  then  w* 
expect  the  proportion  between  the  radiations  to  be  indepei 
the  thickness  of  the  layer. 

167.  The  total  amount  of  ionisation  produced  wl 
a  rays  of  uranium  and  its  salts  are  completely  absorbed  b 
determined  by  Monsieur  and  Madame  Curie*  and  by  Rol 
and  M'"Clungt,  it  increases  somewhat  with  the  thickneaf 
layer,  as  the  following  table  given  by  the  latter  observen 
The  amount  of  ionisation  is  expressed  in  terms  of  the  sal 
cum;nt  which  is  given  in  amperes  per  square  centim 
surface. 

Surface  of  Uranium  Oxide  =  38  sq.  cms. 


WeiRht  of  Uranium  OiiJ 

spread 

Current  in  Amperes  per 

over  tliisautfarc  in  gra 

,nn.e« 

B4.cn,.  of  Burfa™ 

■138 

1-7x10-" 

-366 

3-2>cl0-» 

■718 

4    xlO-» 

i-aa 

4'4xl0-" 

a-tin 

4-7x10-" 

Taking  the  value  given  by  Rutherford  and  M'Clung 
energy  absorbed  when  each  ion  is  produced,  we  find  tin 
the  saturation  current  is  4'7  x  10~"  amperes  per  square  cei 
the  energy  emitted  from  a  square  centimetre  is  about  10~" 
per  second,  or  at  the  rate  of  1  calorie  in  about  3000  years, 
take  the  radiation  corresponding  to  tne  thinnest  layer  we  i 
for  each  gramme  in  the  layer  it  is  about  1  calorie  in  30  y& 


Radiatiiw  from  Thorium. 
168.     Soon   after   the   discovery  of  the   rays   from    i; 
Schmidt*  discovered   that   thorium   gave   out   rays  havi 

■  Corie,  Itofpofli  prfiifntfi  au  Congrti  dt  Phyiiqut  i  Parii,  t.  iii.  p.  7 
+  BuUicrron]  kud  MtUiing,  PJiii.  Tram.  A,  ciovL  p.  25. 
X  Sohmiilt,  Wifd.  Mat.  Ixi.  p.  141. 1693. 


FBOM    RADIO-ACTIVE   8URSTANCES.  3S7 


^^p^uee.  This  radiation  was  HubacMqiiently  studied  by 
Riithedbrd*  and  by  Owenaf,  and  was  found  to  present  maoy 
fealiires  of  great  interest.  Like  the  radiation  from  nranium  it 
consistB  of  two  types,  one  easily  absorbed  the  other  more  pene- 
tratbg. 

Discweyy  of  Thorium  EiimmUiov: 

169.  The  radiation  from  thick  layeni  of  thorium  oxide  when 
fii-Ht  measured  by  Rutherford  seemed  to  be  extremely  capricious ; 
thus,  for  example,  when  its  intensity  was  measured  by  the  con- 
ductivity it  communicated  to  a  gas,  the  slightest  draught  in  the 
»'e8sel  through  which  the  current  of  electricity  passed  was  sufficient 
M>  produce  a  vei^'  sensible  diminution  in  the  current ;  indeed  so 
senaitive  was  the  current  to  external  disturbances,  that  it  was  found 
exceedingly  difficult  to  get  consistent  results.  Rutherford  showed 
that  these  irregularities  had  a  most  interesting  cause,  as  he  was 
'hie  to  trace  them  to  an  "emanation'  given  oEF  by  the  thorium.  He 
'"Und  that  the  thorium  gave  off  something  which  was  wafled  about 
"i'  currents  of  air  like  a  vapour;  in  order  to  avoid  prejudging  the 
Sieetiun  as  to  the  physical  state  in  which  the  substance  given 
""  by  the  thorium  existed,  Rutherford  called  it  an  emanation, 
'his  emanation  is  radio-active,  i.e.  it  gives  off  rays  that  can 
P""fietrat.e  a  photographic  plate  or  ionise  a  gas;  it  can  penetrate, 
'Apparently  by  diffusion,  thin  pieces  of  paper;  it  cannot,  how- 
'•ver,  get  through  glass  or  mica,  even  when  they  are  in  very  thin 
""I'lis:  in  fact,  its  power  of  getting  through  substances  seems 
"^'ich  more  selective  than  the  corresponding  power  possessed 
'  either  Rcintgeii,  Becquerel,  or  cathode  rays;  in  this  respect  it 
■embles  the  effect  coming  from  certain  metals  and  resinous 
'"'Jstances  studied  by  Russeil.  That  the  passage  of  the  emanation 
'Hugh  solids  is  analogous  to  the  slow  diffusion  of  gas  through 
',  as,  for  example,  hydrogen  through  red-hot  platinum,  is 
™Sgest«d  by  the  fact  that  if  the  thorium  oxide  is  covered  up 
^th  paper  it  (.akes  a  considerable  time  for  the  emanation  to 
'  through. 

The  following  experiment  is  one  by  which  Rutherford  demon- 
tlwaU-d  the  existence  of  the  'emanation.'  and  studied  many  of 
I  properties. 

*  Butbertord,  Phil.  Slag.  t.  *ft,  pp.  1.  161,  IHOO. 
t  Owens,  Phil.  Mag.  t.  48,  p.  360,  181>0, 
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A  t'hi(!k  liiyiT  of  thorium  oxide  was  enclosed  in  a  narrow 
rtrtHii^uliir  voHsrl  A,  nuuir  up  of  two  thicknesses  of  foolscap 
|Mi]MT.  'riuH  |)ii|KT  was  autticiontly  thick  to  stop  all  the  radiation 
fn>ni  a  thin  layiT  of  thorium.     Tht»  vessel  containing  the  thorium 
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>*A;>  pl.-^^wl  insido  ,'*  lone  nioial  :uW  /?.  One  end  of  this  tube 
^':is  vvnntvtixl  \^nh  ,'*  lai^^  •ins;;lAi*\i  vt^s^I  0.  the  end  of  this 
\i>!%ii*l  >*Hs  ^y^rtomuM  TO  a1:x^>»  Air  lo  }\w;s  ihroufh.  An  insulated 
e3tv:rv\io  1^  >fcHs  :n:i»i''r:*\i  :r*  t^.  A:>i  vvcnewed  with  one  pair  of 
^udi^inur**  ^^t  All  o^.v:r^^r.^^  :vr.  i^  «:ft5  :*or.rit\^:«^i  ^ih  one  terminal 
vn:*  a  KViVn*  c^'-.c  *-  i^.tv^r.-n^/'U^-:  :Vjr.>f  ^:  l\v  vcJis.  the  other 

A  si,^«  c^ATTtsr,:  .\:*  ,r*:«-rrtv  a:t  m^fcc  pfcss^^i  lir.'CLrfi  The  appa- 

A3>i  r<  AS*5  c^aaIS  ^T>,t^-Asou^  X.T::.'  ::  TVA^ih^i  a  K^rcAizi  valTie. 
n^kfoi  n  S^MUBif  $3vi^      rS:   i.**   ,if  a:t  v»  liti::  fccc^ped.  and 

dkNM  1^  iWWOftk     A;^  V.'tDC  i^  IJ^   .-*xr!r^:a:T   .c    at-  itas  iiaasBe 
liNwiNtr  x*^  Aeh£  r.  r  .iramA.-^  T»:hsct.cr  sai£  3«:  ^azskzaaoo 

%j\ii    i.;Mx    xrx..'^    >  ..*  ■*:irJ    «itr  "Ai   K 
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itberford  measured  the  leak  between  C  and  D  at  regular 
after  the  stoppage  of  the  current  of  air.  and  so  was 
[Deasure  the  late  at  which  the  intensity  of  the  radiation 
the  emanation  died  away :  the  intensity  diminishes  in 
trica!  progression  with  the  time,  and  is  thus  proportional 
where  (  is  the  time  and  X  a  constant;  the  intensity  is 
mI  to  about  one-half  its  vahie  in  one  minute,  so  that  \  is 
l/8(i.     The   rate  at  which   the  radiation    falls   off  is   not 

I  by  exposing  the  emanation  to  a,  strong  electric  field,  nor 
any  motion  of  the  emanation  as  a  whole  be  detected  in 

K  field :  Rutherford  showed  that  the  average  velocity  of  the 
^es  of  the  emanation,  under  an  electric  field  of  one  volt  per 
netre,  must  be  less  than  10~*  cm./sec 

I  consequence  of  the  diS^usion  of  the  emanation  from  the 
im  the  radiation  from  thick  layers  of  this  substance  does 
ist  shadows,  the  emanation  getting  by  diffusion  round  the 
e  body  and  obliterating  the  shadow, 
le  emanation  can  pass  through  plugs  of  porous  substances, 
rabble  through  water  or  the  strongest  acids,  and  can  be 
I  to  temperatures  far  above  a  red-heat  without  losing  its 
activity";  in  fact,  when  once  the  'emanation'  has  been 
Bed  no  physical  or  chemical  process  which  has  yet  been 
has  any  efl'ect  upon  its  radio-activity;  in  this  inertness  it 
ibles  the  ga8t.'S  argon  and  helium,  the  latter  of  which  occurs 

nth  thorium  in  many  minerals. 

ce  the  emanation  can  penetrate  several  millimetres  of  a 

II  compound,  the  radiation  from  a  layer  of  such  a  compound 
increase  with   the  thickness  of  the  layer  when  this  is  less 

I  few  millimetres;  above  a  certain  thickness  the  radiation 
les  practically  constant. 

s  fact  that  the  '  emanation '  can  pass  through  porous  plugs 
Irater  traps,  and  can  withstand  temperatures  which  alter  the 
rties  of  thorium,  is  strong  evidence  that  the  emanation  is 
horium  dust,  i.e.  not  small  particles  of  thorium  in  the  solid 
;  this  conclusion  is  strengthened  by  the  fact  that  the  ema- 
B  does  not  give  rise  to  a  cloud  when  the  air  through  which 
dtfltiscd  suffers  an  expansion  sufficient  to  produce  a  fog  in 
'  «tr. 
ituiherford  and  Soddy,  Jounial  of  Chtmital  Sotirly.  lixxi,  p,  831,  IflOa 


}♦.'*  %ir>iranii)a  juw  been  'ie!i»ct»i  in  tie  {vesBore  of  an  ei- 
tuvif^r^iii  'f>iiih  irrien  ^e  ^Mmuuinon  ia  aIL}wed  lk>  dxffdae  into  it, 
nr,r  'irj#»  iti-ji  inTnsii->n  of  "Jie  -imanacirtn  produce  apparently  any 
^bwrn?^  in  jhe  :*pecanni  zi v«in  oan  by  ohe  bolb. 

Induced  Rtviity^ietitrit^  produced  b*j  Thtyriihtn  Emanaticm, 

170.  Riichertrjrd  *  disci>vereti  tiliaG  cfae  emanation  firom  thorium 
T(iAk.eA  any  fmbstance  with  which,  it  cumes  in  contact  radio- 
active,    Thw  can  be  shown  by  che  following  experiment  (Fig.  80). 


CAIITM 


\, 


CABTM 

Fig.  80. 


Two  \m}\AU^\  plates  B  and  C  are  placed  parallel  to  one  another 

in  a  v\(m^\  metallic  vessel  connected  with  the  earth.     In  a  shallow 

d<7{in;wi]on,  LM,  in  the  plate  (7,  a  layer  of  thorium  oxide  is  placed 

fifid  cM>vcn5f]  with  several  layers  of  foolscap  paper.     The  plate  C 

\n  (!onnc!cU;cl  to  the  positive  pole  of  a  battery,  giving  a  potential 

(lifTnronc^;  of  at  least  50  volts,  and  the  other  pole  of  this  battery 

in  (xninoctod  with  the  earth.     The  plate  B  is  connected  with  an 

okiotromotor.    If  this  is  left  for  several   hours,  and  then  the 

tiliiU)   0  with   the   thorium  removed,  and   replaced   by   a  clean 

ttiiitilllio  plate,  it  will  be  found  that  the  gas  between  the  plates  now 

{MMMHWUH  oonHiderublo  conductivity;  this  will  gradually  diminish 

with  Ia{mo  of  timo  and  after  a  few  days  become  inappreciable. 

Ifi  iniiUMul  of  loaving  B  in  the  vessel  when  C  is  removed,  both 

B  f%tul  V  lUX)  iMplfiood  by  fresh  plates,  there  will  be  no  conduc- 

(ivitjr  I   Iho  iotUHHtion  is  thus  due  to  some  change  produced  in 

tht»  pinto  H  by  tho  action  of  the  thorium.     The  plate  B  has  been 

«Wklt»    riKlUHM>tivt\    That  this  effect  is  due  to  the  action  of  the 

••WMMlUwi  Mut  not  uf  tho  straight  line  radiation  may  be  proved 

*■  ^^t^iWX  W«^     In  thi>  fiwt  place,  the  effect  is  absent  if  we  use 

^  telkwtei^  BM.  Mi»$.  Y.  49,  p.  161,  I90a 
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1  layer  of  thorium  oxide,  which  emits  plenty  of  straight  Hne 
iatioa  but  very  little  einanatioa.  Again,  when  we  de-emaQate 
thorium  oxide  hy  intense  heating  we  destroy  its  power  of 
producing  induced  radio-activity,  although  we  do  not  afTect  its 
lower  of  emitting  straight  line  radiation. 

The  close  connection  between  the  emanation  and  the  induced 

iio-activity  is   shown   by   the  following   experiment  made   by 

ulberford. 

A  Blow  cnrrent  of  air  from  a  gas-bag  passed  down   a  rect- 

;ular  wooden   pipe,    60  cm.    long;    the    air    passed    through 

lulphuric  acid  to  dry  it.  and  through  a  plug  of  cotton-wool  in 

I   pipe,    this    plug    removed    sjiray  and    equalised    the    flow  of 

over  the  cross  section  of  the  tube.     A  metal  plate  charged 

Wth   positive  electricity  covered   the  bottom  of  the  tube;  four 

nilated  metal  plates  A,  B,  V,  D,  placed  at  equal  intervals,  had 

k  negative  charge  induced  on  them  by  being  connected  with  the 

When  the  current  of  air  passed  through  the  vessel  with 

Be    velocity  "2  cm./aec.  for   7  hours,   the    potential    difference 

ntween  the  lower  and  upper  plates  being  300  volts,  the  following 

nilts  were  obtained : 


Relative  carrent  due 

Bebtive  excited 
radio- aolivity 

Plate  A  ... 
.,     «... 

.,    c... 

„     D... 

■.a 

■18 
■072 

1 

■16 
•CKil 

Thus  the  induced  radio-acti\ity  is  approximately  proportional 

D  the  intensity  of  the  radiatioa  given  out  by  the  emanation, 

The  experiment  shows  that  the  emanation  is  in  some  way  the 

cause  of  the   induced   radio-activity;   it   does  not  enable  us  to 

cide  whether   the   radio-activity  is   due   to   a   deposit   of  the 

<  of  the  emanation  on  the  jilate,  or  whether  it  is  due 

I  change  in  the  surface  layers  of  the  plate  produced  by  the 

ftiiation  coming  from  the  emanation.     We  shall  return  to  this 

,  when  we  have  discussed  more  fully  the  properties  of  the 
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induced  radio-activity  seem  to 
h  the  walls  of  the  iuclosiire 
cardboard  for  metal  makes 
;.  The  radio-activity  does 
in  the  inclo3ure,  nor  upon 
anceotration  of  the  induced 
mrfaces  is  less  complete  at 
,  for  example,  in  an  experi- 
i  radio-activity  on  a  nega- 
ichanged  when  the  pressure 
I  pressure  of  5  n 


If  in  the  inclosure  containing  the  thorium  and  the  emanation 
there  is  a  conductor  strongly  charged  with  negative  electricity,  the 
induced  radio-activity  will  be  concentrated  on  this  conductor  and 
there  will  be  lees  on  the  walls  of  the  inclosure  than  there  would 
be  if  the  conductor  were  uncharged;  thus  the  excess  of  radio- 
activity on  the  wire  is  obtAined  at  the  expense  of  that  on  the 
surrounding  objects. 

The  amount  and  quality  of  the  i3 
be  independent  of  the 
are  made;  the  suteii' 
no  appreciable  differe 
not  depend  upon  the  i 
the  pressure  of  the  gj 
radio-activity  on  nogai 
low  pressures  than  it  ie 
ment  made  by  Kulhe 
lively  electrified  wire  v, 
was  reduced  from  7(50  mm, 
however,  it  was  about  1/20  of  its  value  at  the  higher  pressure;-^ 
this  diminution  in  the  radio-activity  of  the  wire  is  accompanied  .^ 
by  an  increase  in  that  of  the  walls  of  the  inclosure. 

Duration  of  the  induced  Radio-activity. 
171.  This  induced  radio-activity  dies  away  gradually  with  the 
time ;  the  rate  of  decrease  is,  however,  very  slow,  as  Rutherford's- 
measurements  show  that  it  takes  about  11  hours  for  the  intensity 
of  the  radiation  to  fall  to  one-half  its  original  value.  The  rate  ab 
which  the  radiation  dies  away  does  not  depend  upon  the  nature  of" 
the  material  which  is  made  radio-active.  The  duration  of  the 
induced  radio-activity  is  thus  very  much  greater  than  that  of  the 
emanation  which  produced  it,  as  we  have  seen  that  this  ^es  away 
to  one-half  its  original  value  in  one  minute.  We  must  remember, 
however,  that  this  relates  to  the  emanation  when  it  has  escaped 
from  solids  and  is  in  a  form  analogous  to  that  of  a  free  gas ;  we  do 
not  know  whether  the  rate  of  decay  is  as  great  as  this  when  the 
emanation  is  diffusing  through  a  solid :  the  results  of  experiments 
seem  rather  to  indicate  that  it  is  not,  for  the  emanation  is  still 
active  after  passing  through  a  great  many  sheets  of  paper ;  if  its 
rate  of  decay  when  in  the  paper  is  as  rapid  as  it  is  when  in  the 
air  it  must  be  able  to  diffuse  through  these  in  a  veiy  few  minutes. 
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pA.  Burfece  once  made  radio-active  can  be  exposed  to  very  rough 
e  without  losing  this  property:  thus  Rutherford  raised  a  piece 
nf  radio-active  platinum  to  a  white  heat  and  found  aftt-r  cooling 
that  it  had  lost  little  if  any  of  its  activity.  Washing  the  surface; 
vith  hot  or  cold  wat«r,  caustic  soda,  or  nitric  acid  has  no  effect 
upon  the  activity;  if.  however,  the  wire  is  dipped  in  sulphuric  or 
hydrochloric  acid  the  radio-activity  is  removed  in  a  few  minutes ; 
the  mdio-activity  is  however  only  removed  from  the  metal  to  the 
acid,  for  on  evaporating  down  to  dryness  the  residue  left  was  foimd 
to  be  strongly  radio-active.  It  would  thus  appear  that  the  radio- 
active substance  is  dissolved  in  the  acid  and  retains  its  radio- 
*ctivity. 

No  change  in  weight  due  to  the  induced  radio-activity  can  be 
ietected,  nor  does  microscopic  exaraiaation  of  the  raetal  reveal 
^he  presence  of  any  dust  or  any  change  in  the  surface.  The  radio- 
jctivity  can  be  removed  by  long  scouring  with  sand  or  emery 
paper;   the  pieces  removed  are  radio-active. 


k 


Time  taken  to  produce  the  Radio-activity. 

172.     The  radio-activity  takes  considerable  time  to  produce. 

first  esposure  to  the  emanation  it  increases  nearly  proportion- 
ally with  the  time,  afterwards  the  rate  of  increase  falls  off,  and  it 
ultimately  attains  a  constant  value.  The  following  diagram  (from 
^therford's  paper).  Fig.  81.  shows  how  the  intensity  of  the  induced 
^Mfttion  increases  with  the  time  of  exposure  to  the  thorium, 

BfThe  time  taken  to  attain  a  steady  state  is  fixed  by  the  rate  at 
which  the  induced  radiation  fades  away.  For  let  /  be  the  inten- 
sity of  the  induced  radio-activity  at  any  time  (,  q  the  rate  at  which 
this  is  increaaiug  in  consequence  of  the  presence  of  the  thorium, 
HT  the  rat«  at  which  it  would  decay  if  no  thorium  were  present, 
then  we  have 

dl  I 


dt 


=  9- 


r- 


=  gr(i-."^) 


-d). 


thus  the  radio-activity  will  not  reach  a  steady  state  until  I  is 
conaiderabty  (jreater  than  T.  Now  T  has  been  determined  by 
terford  by  measuring  the  rate  at  which  the  activity  o?  xJae 
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sur&ce  disappears  when  it  is  not  exposed  to  the  action  of  thorium^ 
putting  g  =^  0  wt-  get 

where  /,  is  the  value  •>{  f  when  (  =  0;  Rutherford  found  that  /  fefe 

to  \I,  in  about  11  houis,  so  that  7*=  16  hours;  thus  it  will  t 

a  time  greater  than  1 1  hours  but  comparable  with  it  for  the  inriiirr    ■..d 
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Fig.  ei. 

radio-activity  to  reach  a  Bteady  state.  We  see  from  equatiou  \y 
that  the  induced  radio-activity  should  reach  half  its  final  valu^ff^  '^ 
about  11  hours;  an  inspection  of  Fig.  81  will  show  that  this^i*  '* 
the  case. 


Penetrating  power  of  the  induced  Radio-activity. 

173.  Rutherford  measured  the  penetrating  power  of  the  "'' 
duced  radiation  and  found  that  it  was  considerably  greater  tfc:^*° 
that  from  thin  layers  of  the  thorium  itself.  Thus  the  latteC  '^ 
reduced  to  half  its  intensity  after  passing  through  about  1  cm,  -  "' 
air  at  atmospheric  pressure,  while  the  induced  radio-activity  ^^^^ 
pass  through  165  cm.  before  its  intensity  is  reduced  by  the  s^-*^^ 
amount.     The  penetrating  power  of  the  induced  radio-activit>^  ^ 
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independent  of  the  nature  of  the  substance  made  radio-active ; 
this  is  a  strong  indication  that  the  induced  radio-activity  is  due 
to  a  deposit  of  the  emanation  and  not  to  an  alteration  of  the  sur- 
face of  the  substance  by  radiation  from  the  emanation. 

The  effect  produced  by  negative  electrification  in  increasing 
tihe  induced  radio-activity  on  a  sur&ce  thus  electrified  is,  I  think, 
probably  connected  with  the  property  possessed  by  several  radio- 
^.ctive  substances,  for  example  uranium  and  radium  (see  p.  373), 
of  emitting  negatively  electrified  corpuscles.  Miss  Slater*  has 
recently  shown  that  the  radio-active  emanations  irom  thorium 
and  radium  possess  this  property.  The  particles  which  emit  a 
corpuscle  and  which  thereby  acquire  a  charge  of  positive  electricity 
will  be  attracted  by  the  negatively  electrified  surface  and  will 
move  rapidly  up  to  it.  The  velocity  with  which  the  particle 
moves  in  the  electric  field  is  very  great  compared  with  the  velocity 
with  which  it  would  have  moved  towards  the  surface  if  only  diffu- 
sion had  come  into  play.  Thus  the  emanation  will  in  consequence 
of  the  charge  on  the  surface  arrive  at  the  surface  very  much 
sooner  than  it  would  have  done  if  there  had  been  no  charge;  it 
thus  arrives  very  much  fresher  and  is  much  more  efficient  as 
a  producer  of  induced  radio-activity. 

174.  The  velocity  acquired  by  the  positively  charged  particles 
of  the  emanation  when  in  the  electric  field  has  been  measured  by 
Rutherford  f,  using  the  following  method,  which  is  based  on  the 
assumption — justified  by  the  extent  to  which  the  induced  radio- 
activity can  be  concentrated  on  a  negatively  electrified  surface — 
that  the  radio-activity  of  the  surface  is  almost  wholly  due  to  the 
number  of  positively  electrified  particles  which  reach  it. 

The  emanation  spreads  between  two  parallel  plates  A  and  B, 
Fig.  82 ;  an  electric  field  is  produced  between  the  plates ;  this  field 
consists  of  two  parts,  (1)  a  constant  potential  difference  equal  to 
Eo  making  the  top  plate  +,  the  lower  plate  — ,  (2)  a  field  in  which 
the  direction  of  the  force  is  reversed  at  equal  intervals  of  time  T ; 
thus  it  is  equal  to  J?,  for  a  time  T,  then  changes  to  —Ei  which  lasts 

♦  MisB  Slater,  Phil,  Mag.  [6],  10,  p.  460,  1905. 

t  Rutherford,  Pkytikalitche  Zeittchrift,  iii.  p.  210,  1902;   Phil.  Mag,  vi.  6, 
p.  95,  1903. 


i-,r  t  ~TTH'  r  -virm  X  Thaoff^  t«z3ai.  »  —  £^.  sad  ad  on.  lUi 
7ar:^ie  sni^^itLUL  inSa^ncK  !b  ptaees  fa  juie*  vitk  t^  exKui 
^.uni:ia.  iis^T^oefe.  ir>  'due  in  ^ite  3BC  Uff  4^  sfe  ahamaan  ihe 
■»iHc^ir:c  3.r%  feir:m2  ii'.<«a'«vs  »'  Et  —  E-_^tid,  v^a«  d  is  ibedis- 

■a-.c  r;  :a  rf-.ial  >;■£-£,•.  -i  uni  aes  if  anfa :  £.^  is  sappeei 


to  be  greater  than  f,.  There  is  thus  oa  the  average  a  Undeu^^ 
to  make  the  poeitiTe  tons  go  to  the  lower  plate,  bat  daring  tb'  ^ 
secoDd  half  of  the  altematioD  some  of  the  particles  will  be  attntct£<£^ 
to  the  npper  plate  and  will  make  it  radio-active:  the  nomber  0^ 
TOch  particles  will  depend  nptMi  the  velocitr  of  the  particles  and 
may  be  calcnlaled  as  follows. 

Let  K  be  the  velocity  of  the  particles  nnder  unit  electric  force 
and  let  as  suppose  that  the  positive  particles  are  being  produced 
onifimnly  between  the  plates,  the  nomber  prodnced  in  ooe  bbooiA 
in  a  layer  of  tinit  thickness  between  the  plates  being  q.  The 
particles  which  Fcach  the  upper  plate  when  negatively  electrified 
will  be  of  two  classes :  (1)  those  produced  whilst  the  plate  is  n^;a- 
tively  electrified,  and  (2)  those  which  were  present  between  the 
plates  at  the  beginning  of  the  altematiou.  Let  us  take  first  the 
□umber  in  the  first  class;  consider  the  number  sent  to  the  top 
plate  by  a  layer  of  thickness  dx  a,t  &  distance  x  away  from  it ;  any 
particle  from  this  layer,  since  it  moves  with  the  velocity  KX,,  will 
iake  the  time  x/KX,  to  reach  the  plate.  Xi  is  the  electric  force 
between  the  plates  and  is  equal  bo  (E,  —  E^jd.  Since  the  particle 
mut  reach  the  plate  before  the  end  of  the  alternation  the  latest 
time  it  can  Bturt  is  xjKX,  before  the  end,  and  thus  the  particles 
■■^ohing  the  layer  are  only  formed  for  a  time  T-xjKX,;  the 
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of  particles  reaching  the  plate  irom  this  layer  is 
jKX^dx  and  the  total  number  of  particles  in  class  (1) 
1  to 

qiT-x/KX^dw 


1. 


^KX,T\ 


number  in  class  (2)  will  be  the  number  of  positive  particles 
beginning  of  the  alternation  in  a  layer  next  the  upper  plate 
thickness  is  KX^T.  The  force  in  the  preceding  alternation 
f  to  drive  the  particles  fix)m  the  upper  plate  is  X„  where 
?o  +  -ffi)/<i;  hence  the  velocity  of  the  particles  is  KX^\  the 
-  of  particles  produced  in  a  layer  of  thickness  dx,  at  a  dis- 
;  from  the  upper  plate,  which  have  not  moved  by  the  end 
alternation  to  a  distance  from  the  upper  plate  greater  than 

is  q  — ^^p -dx\  hence  the  number  of  particles  in  the 

class  is  equal  to 

KX^ 

is  the  total  number  of  positive  particles  reaching  the  upper 
I  the  time  of  a  double  alternation  of  length  2T 


I 


dx 


=  ^KX.T'  (l  +  yj  • 


this  time  the  total  number  of  positive  particles  produced  is 
Mid  if  care  is  taken  to  make  the  electric  field  sufficiently 
all  these  particles  will  reach  one  or  other  of  the  plates, 
p,  the  ratio  of  the  number  of  particles  reaching  the  upper 
o  the  sum  of  the  numbers  reaching  the  upper  and  lower 
is  given  by  the  equation 

KX.T^f^   ,  X; 


»^(-s. 


itituting  for  Xi  and  X,  their  values  we  get 

,.i;fpL^-^.)^ (1) 


348  RAYS   FROM   RADIO-ACTIVE  SDBSTANCS3.  [Xd 

On  tho  hy]  JO  thesis  already  mentioned,  that  the  induced 
radio-act ii'it.y  is  almost  entirely  caused  by  the  positively  charged 
particles  which  come  up  to  the  plate,  p  is  the  ratio  of  the 
radio-activity  of  the  upper  plate  to  the  sum  of  the  activities  of 
the  upper  and  lower  plates,  and  by  measuring  these  activities  p 
can  be  determined ;  when  p  ia  known  equation  (1)  gives  iis  the 
means  of  dL'teniiining  K  and  hence  the  velocity  of  the  positively 
charged  p^rtiL-h.'s  in  an  electric  field.  By  this  method  Rutherford 
got  the  folliiu'iii<^  rfs 

apart. 


volts 

volts 

162 
225 

101 
150 

272 
300 

907 
2(.X) 

' 

Velodtjtof»M 

■27 
■38 

ri7 

These  results  relate  to  air  at  atmospheric  pressure.  Zelsi^J 
(p.  47)  found  that  the  velocity  of  the  positive  ions  produced  "i 
Rontgen  rays  in  air  at  this  pressure  was  1'36  cm./sec.  for  t" 
potential  gradient  of  a  volt  per  cm. :  the  velocity  of  the  posit** 
particles  in  the  thorium  emanation  is  thus  within  the  limits  *^ 
experimental  error  equal  to  the  velocity  of  the  ordinary  posit** 


Rutherford  has  shown  that  at  low  pressures,  say  less  than  1  lU'*^' 
of  mercury  there  is  less  tendency  for  the  radio-activity  to  be  c^*^ 
centrated  on  the  negative  electrode  than  there  is  when  the  pressi*'' 
is  higher.  Makower'  has  shown  that  this  is  also  the  case  v*'**"' 
the  radio-activity  produced  by  the  emanation  from  radium  i*** 
that  the  effects  of  pressure  are  more  marked  in  small  vessels  t^** 
in  large  ones.  This  is  what  we  should  expect,  for  the  expulsioO  *  ' 
the  corpuscles  and  a  particles  from  the  emanation  would  set  tf' '' 


residue  of  the  molecule  in  rapid  motion. 

vessel 


If  t 


i  pressure 


,  tH«^ 


high  this  velocity  would  soon  be  destroyed  by  collisic^ 
Mskower,  Phil.  Mag.  [G],  10,  p.  636,  190S. 


^   H 
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HUie  particles  would  theD  be  attracted  to  th«  cathode.     If 
H»er  the  presBure  were  low  their  initial  vi-locity  might  Ciirry 
H  hoth  sides  of  the  ve-ssel  against  iht-  attniction  due  to  the 
Kc  field. 

H       Radio-activity  of  Radium,  Pulonium,  Actinium. 
B&e  Becquerel  rays  have  led  to  the  discovery  of  some  new  sub- 
Rffies  posaeasing  the  pwer  of  radio-activity  to  a  far  greater 
xttmt  than  uranium — the  original  source  of  these  rays.     After 
i«(]uerel's  discovery  Monsieur  and  Madame  Curie"  made  a  very 
-t.matic   and    extensive   examination   of   a   great   number   of 
mical  eleraenls  and  compounds,  and  also  of  minerals,  to  see 
itier  elements  possessed  powers  similar  to  uranium:   the  ex- 
nation  of  the  elements  and  conipountb  (which  included  the 
elements,  gallium,  germanium,  neodydymiura,  praaeodydy- 
t,  mobium,  scandium,  gadolinium,  erbium,  samarium,  rubi- 
yttrium,  ytterbium,  holmium)  did  not  lead  to  the  discovery 
iy  substances  other  than  uranium  possessing  this  property. 
nvestigation  of  the  minerals  was  more  fruitful,  for  they  found 
•everal  minerals  containing  uranium  were  more  active  than 
ame  bulk  of  uranium.     This  is  shown  by  the  following  table 
ich  ( is  the  saturation  current  in  amperes  between  two  circular 
1  8  cm.  in  diameter  and  3  cm.  apart  when  one  of  the  plates 
ered  with  the  substance  under  consideration : 

■  xWampSres 

.xl0"«n.p4w»i 

lllic  Uroniiiui 

i-blende  from 

lianiigeorEeiwtJMit 

ttchimntal  

ibnui  

«T>W«I]      

23 

6-3 
7-0 
6-5 
1-6 

Thorite 

1   Orangeite 

Moiiiwite 

Xonotime 

Fergusouite 

Samarakite  

Niobite 

Camotite 

1-4 
2-0 
0-5 
0-03 

0-7 
0-4 
1-1 
0-3 

e-2 

52 
2-7 

1  these  minerals  contain  uranium  and  thorium,  but  it  wil 
lu  that  several  of  them  are  more  radio-active  than  the  pure 
):   this  suggests  that  they  may  contain  some  exceedingly 

ric,  Happorti,  Cimgrii  iBtenutional  de  Phyiiqw,  t.  iii.  p.  79,  Paris.  1900. 

^ 

350 


RAYS    FROM    RADIO-ACTIVK   SUBSTANCES. 


iictive  substances  uthvr 
strengthened  when  Mon.- 
colito  artificially  from  pu 
about  one-fifth  as  raiiiu-:! 
set  to  work  to  searvh  piu 


(III 

than  uranium;  ibis  supposition  m 
t'ur  and  Madame  Curie  prepared  Chal- 
'-  substances  and  found  that  it  was  only 

tive  as  the  natural  mtQeral.  They  ibxti 
h-blende  systematically ;  they  tested  th<? 


radio-actirity  of  a  c.-rt.iin  piece,  then  separated  this  chemically 
and  test«d  that  of  the  constituents,  and  thus  gradually  separat^^l 
the  active  from  th.-  inert  jiartfi  of  the  pitoh-biende.  This  treat- 
ment has  led  to  thf  liiscovery  of  three  different  strongly  r»dio- 
^  active  constituents  nf  pitch-blende;  nidlum  discovered  by  Moiiaivur 
and  Madame  Curie  and  Monsieur  Bumont",  poloniutn  discoverecJ 


by  Monsieur  and  Madame 
DebiemeJ.  Radium  aecot 
pitch-blende,  and  in  its  chen 
it  can,  however,  be  9ej)aratet 
chloride  is  less  soluble  in  ' 
acid.  The  amount  of  radiun 
many  thousand  kilograms  < 
decigrams  of  a  radio-active  si 
is  radium.  The  spectrum  oi 
the  following  are  the  princ 
and  3500. 


actinium  by  Moi 
barium  prepared  frnit» 
I  similar  to  that  metiil  ; 
I  by  ^m:tionation,  as  its 
hoi  and  in  hydrochlnric 
ide  is  exceedingly  small, 
al  only  yielding  a  frw 
jch  only  a  small  finctioik 
xamined  by  Demar^'uy§  : 
roen  warfr-lengths  olXHJ 


Wave-leDgtl. 

loten«tj 

WaTe-length 

4826-3 

10 

4600-3? 

3 

4726-9 

5 

4533-5 

9 

46998 

3 

443fl-l 

8 

4692-1 

7 

4340-6 

12 

4683-0 

14 

3814-7 

16 

4641-9 

4 

3649-6 

13 

There  are  also  two  nebulous  bands  in  the  spectrum,  one    ^^* 
tending  from  46310  to  4()21-9  with   the  maximum  at  4627'-*' 
the  second  begins  suddenly  at  44637,  has  a  maximum  from  445^ 
to  4453-4,  fading  away  at  4390.     The  appearance  of  the  spectr"-  "*' 
is  shown  in  Fig.  83. 

*  Curia  &nd  BemoDt,  CompUi  Krndw,  oiivii.  p,  1.^15,  1898. 

■f  Curie,  op.  ctl.  p.  175, 

t  Debieme,  Camptu  Rindut,  oixix.  p.  609,  1899;  oxiz.  p.  90S,  1900. 

3  DemarfAf,  ii.  ourii.  p.  1318,  1898;  oiiiz.  p.  116,  ISH;  oixri.  p.  SSB,  IW^" 
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,e  sensitiveness  of  the  test  by  radio-activity  is  shown  by  the 
A  that  it  required  several  thousand  times  more  radium  to  give 
""appreciable  spectrum  than  to  give  an  amount  of  radio-activity 
•JiiU;  appreciable  by  electrical  methods. 


H- 


ItH-H* 


jjg^ 


tie  atomic  weight  of  radium  has  been  determined  by  Mod- 
and  Madame  Curie"  to  be  225.  Runge  and  Prechtf  from 
^^Biderations  based  on  its  spectnim  estimate  the  atomic  weight 
'  2578,  their  methixl  is  however  very  indirect  and  there  seems 
ttle  donbt  that  the  smaller  value  is  the  more  accurate. 

The  radiation  from  radium  is  extraordinarily  intense.  Mon- 
'^Ur  and  Madame  Curie  have  prepared  specimens  of  radium 
'**ich  when  enclosed  in  a  lead  tube  '5  cm.  thick  will  discharge  an 
'^^Jtroscope  more  readily  than  uranium,  even  although  the  latter 
orought  without  any  covering  close  up  to  the  electroscope. 
The  radiation  comprises  rays  of  four  classes:  (1)  a  rays,  these 
"^  easily  absorbed  rays  carrying  a  charge  of  positive  electricity 
'ghtly  deflected  b}-  electric  or  magnetic  fields ;  (2)  jS  rays,  these 
^"^^  much  more  penetrating  rays  which  are  deHected  by  magnetic 
"  electric  fields  and  which  carry  a  charge  of  negative  electricity ; 
'^  7  rays,  rays  still  more  penetrating  which  are  not  deflected ; 
^  slowly  moving  corpuscles. 


Emanation  fro 


Radium  and  tiutuced  Radio-activity 
produced  by  it. 


|jl76.     M.  and  Mme  Curiei  have  shown  that  the  walls  of  a 
containing  radium    become    nidio-active,      Radium,   like 

KCuiie.  CompUt  Beadui,  Jalj  SI,  VJO'i. 
i^Soage  and  Preolil,  Phyiik.  Ztil.  iv.  p.  285,  lOoa. 
■Corie.  Rapporli  yrdeMlw  au  Con.jrii  Inlertuition-il  de  Phytiqur.  iii.  p.  108,  1900. 
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thorium,  gives  out  an  emanation  which  ia  also  radio-active.  Tlie 
persistence  vf  the  radio-activity  of  the  radium  emanation  is 
however  verj-  much  greater  than  that  from  thorium  ;  the  latter,  »s 
we  have  seen,  falls  to  half  its  value  in  about  one  minute,  the 
corresponding  lime  for  the  radium  emanation  is  about  four  daj'a, 
The  mdium  ^^■iiianiition,  like  that  of  thorium,  makes  the  walls  ni  a 
vessel  in  which  it  is  contained  radio-active;  the  induced  radio- 
activity due  to  radium  dies  away  more  rapidly  than  that  due  to 
thorium,  it  also  is  c  '  ^tively  electrified  bodies. 

MalecuUn  'odium  Emanation. 

The  moleciiliir  i  manation  has  been  estimowl 

by  Rutherford  and  determinations  of  its  mk  of 

diffusion  through  air  id  100 :  by  measuring  its  rate 

of  diffusion  through  towerf  found  values  raDging 

from  86  to  m.  wh  I  WheelerJ  give  180  as  the 

result  of  their  comp  a  of  escaj>e  of  the  emanalioD 

and  COi  from  a  {.wnmo  ...^  se  results  indicate  that  the 

emanation  is  a  heavy  gas  having  a  molecular  weight  much  smaller 
than  that  of  radium  itself.  Makower  has  shown  that  the  emana- 
tion of  thorium  has  about  the  same  molecular  weight  as  that  of 
radium. 

Polonium. 

176.  Polonium,  discovered  by  M.  and  Mme  Curie§,  is  found 
in  company  with  the  bismuth  extracted  from  pitch-blender  they 
obtained  bismuth  richer  and  richer  in  polonium  by  the  following 
methods  of  fractionation  i 

1.  Sublimation  of  the  sulphide  in  vacuo.  The  sulphide  of 
polonium  is  much  more  volatile  than  that  of  bismuth. 

2.  Precipitation  of  solutions  in  nitric  acid  by  water.  The 
precipitated  nitrate  is  much  more  active  than  that  remaining 
behind  in  the  solution. 

3.  Precipitation  by  hydrogen  sulphide  from  a  solution  in 
hydrochloric  acid.  The  precipitated  sulphide  is  much  more  active 
than  the  salt  which  remains  behind. 

■  Rutherford  and  Miaa  Brooks,  Traia.  Boy.  Sue.  Canada,  vii.  p.  21,  1901. 

t  Mftkower,  Fhil.  Mag.  [G),  9,  p.  66,  1905. 

X  BnmBlead  and  Wbeeler,  Amer.  Jour.  Sof..  Feb.  1904. 

I  Cnrie,  Compla  Jttndiu,  cuvii.  p.  175,  1898. 
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Polonium  has  not  been  obtained  in  a  pure  enough  state  to  give 
a  spectrum.  As  far  as  is  known  the  radiation  from  it  is  entirely 
of  the  easily  absorbed  types  (1)  and  (4).  The  radiating  power  of 
polonium  is  not  permanent,  it  continually  gets  weaker  and  weaker. 
It  is  probably  one  of  the  products  of  the  disintegration  of  radium. 

Actinium  and  Emanium, 

Actinium,  which  was  discovered  by  Debieme*,  is  a  very  radio- 
active substance  which  accompanies  the  thorium  extracted  from 
pitch-blende.  It  exhibits  the  same  radio-active  properties  as 
emanium,  a  radio-active  substance  accompanying  the  cerium  earths 
in  pitch-blende  discovered  by  Giesel+.  They  both  produce  an 
emanation  which  decays  in  a  few  seconds. 

Atomic  Disintegration, 

177.  The  phenomena  of  radio-activity  are  coordinated  in  a 
very  striking  way  by  the  hypothesis  of  atomic  disintegration  which 
we  owe  to  Rutherford  and  Soddy.  We  shall  only  give  a  brief 
account  of  this  theory  as  it  is  discussed  at  length  by  Rutherford  in 
his  treatise  on  radio-activity.  According  to  this  theory  the  atoms 
of  the  radio-active  elements  disintegrate  from  time  to  time  forming 
atoms  of  other  elements,  and  it  is  during  the  disintegration  of  the 
atom  that  the  rays  characteristic  of  these  radio-active  substances 
are  emitted.  Thus  the  radio-active  substance  is  not  permanent, 
it  is  continually  passing  into  another  state,  and  it  does  this  at 
rates  which  vary  greatly  from  one  substance  to  another.  In  some 
cases,  as  in  that  of  thorium  emanation,  the  rate  of  decay  is  so  rapid 
that  the  substance  practically  disappears  in  a  few  minutes;  in 
others,  as  in  thorium  itself,  the  rate  of  decay  is  so  slow  that  no 
appreciable  diminution  in  the  amount  of  the  substance  occurs  in 
a  thousand  years.  Thus  to  take  the  case  of  thorium,  some  of  the 
atoms  of  thorium  are  supposed  to  disintegrate  into  a  particles  and 
an  atom  of  a  new  substance,  thorium  X  ]  if  iV^  is  the  number  of 
thorium  atoms  present  at  the  time  ty  the  number  which  disintegrate 
in  unit  time  will  be  \N  where  \  is  a  constant,  and  we  have 

*  Debierne,  Comptes  Rendu*,  cxxix.  p.  593,  1899 ;  oxxx.  p.  906,  1900. 
t  Giesel,  Ber,  d,  D.  Chem.  Ges.  p.  3608,  1902 ;  p.  342,  1903. 

T.  O.  I'i 
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where  No  is  the  iiuiiiber  of  thorium  atoms  when  (  =  0  :  we  see  iiinn 
this  that  the  niinibLT  uf  thorium  atoms  will  be  reduced  to  one-half  iu 

a  time  —~ — .     Kiitherford  estimates  this  time  at  2'4  x  10"  years. 

The  atoms  i)f  thorium  JT  disintegrate  into  a  particles  and 
atoms  of  the  thnriuin  eraanatioii;  the  rate  of  traDsformation  is 
much  more  Mpiil  than  for  thorium  itself,  being  at  a  nit^  thai 
would  reduce  tlif  number  of  thorium  X  atoms  to  one-half  in  4  days. 
The  atoms  of  thv  tho.  disintegrate  into  at  particles 

and  atoms  of  the  sul  roduceti  the  deposited  radio- 

activity caused  by  th€  tion ;  the  rate  of"  transforma- 

tion being  so  rapid  in  the  number  of  atoms  of  the 

thorium  emanation  wi  ;o  one-half  in  about  1  minute. 

The  following  table,  b  erford's  Radio-activity,  shows 

the  various  transform  ie  radio-active  tilementB  are 

supposed  to  undergo,  n  the  diagram  indicate   the 

stages  at  which  tho  v.  i  emitted. 

I  !  !  %f 

THORIUM  TH.  X  EMUH.  TH-A  TM-B 

Actinium    Act  X  Eman-  actA  Act  a 

^AO'UM  EMAH.  f^AOA  ^AO'S  ^AO-C  SAO'O  HAaE.  f^AD.F 

•Booyn  Wj»  *n)ii7«  tliifij*,  xairjuja  .  ■    +01/™-  Mj^  >«ji<y> 
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Properties  of  the  Rai/s. 

178,     We  Bhall  now  consider  in  detail  the  effects  prodiicfd  by  the 

various  types  of  rnys  emitted  by  the  radio-active  aubstaniit-s.     So 

r  fcmr  typM  have  been  discovered,  the  a,  0,  7  rays  and  a  fourth 

>  consisting  of  very  slowly  moving  corpuscles ;  these  only  differ 

roni  the  0  rays  in  the  speed  at  which  they  are  moving. 

The  a  nii/n. 

These  are  easily  absorbed  rays  emitted  by  most  radio-active 

nbiitaiices  and  which  are  absorbed  by  a  few  centimetres  of  air. 

I^t  first  it  was  supposed  that  these  rays  did  not  cany  a  charge  of 

ricity  as  their  deHection  in  a  magnetic  field  is  so  small  that 

r  somu  lime  it  escaped  detection.     Rutherford'  however  showed 

I  1903  that  they  were  positively  charged  particles.     Strutt+  had 

vionsly  suggested  that  they  were  positively  charged  particles 

trb<tsti  mass  was  very  much  larger  than  that  of  a  corpuscle.    The 

ncthod  by  which  Rutherlbrd  showed  that  these  rays  are  deflected 

■  magnetic  and  electric  forces  was  as  follows.     A  thin  layer  of 

3  bromide  was  placed  at  the  bottom  of  the  vessel  G  (Fig.  K5), 


Ii,»*' 

r7~   ^ 

1 

/ 

D 

V 

/ 

p 

/ 

ASumlnluii 

_,„ 

Oulflom  of  HvrircnF™ 


II  Mirifi*  of  vertical  plates  very  clost'  tof;ethcr  were  placed  over  this 
IrtV'jr  lUid  the  radiation  had  to  pass  between  these  plates  on  its 
wav  ui  the  ionisatiun  chamber  V.     A  vcrj'  slight  defection  of  the 

•  RallwrlotJ,  PML  Jfufl.  [G|  5.  p.  177.  11103. 

+  StenM.  Fhil.  Tntn*.  A,  IWl,  vol.  cxovi.  p.  SM. 
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raya  was  suffici.^ni  to  make  ihem  strik*  against  the  si'les  of  the 
plates  aod  prvvi-ni  tfaeto  fnat  reaching  }'.  Rolhtrfoid  found 
thai  a  strong  iua^«tie  field  vberp  the  lines  cif  force  were  horizonla' 
and  paralle!  xo  ihe  vertical  plates  diminished  the  amount  oi 
ionisalion  ii^  V.  and  from  the  amount  of  this  diminution  the  dt^' 
flection  of  ihe  rara  conk]  be  calcolat«d.  From  the  magnetic^ 
deflection  the  \nlae  of  »p/«  could  be  calculated  by  the  method  of 
§  59,  in,  r,  e  ivpres^nti^  respectively  the  mass,  velocity,  and  cbai^i; 
on  the  particl*^.     In  rd  found 


■An 


red  that  the  portide  carried 


The  direction  oft 
a  positive  charge. 

To  get  the  detiec  leetric  6eld  the  plat«s  were 

insulated  and  altenuu  together  so  as  to  form  two 

sets  of  plate's  iiutulab  her,  one  set  was  connected 

with  one  temiiDal  of  a  W  imsnurer  maL-hine.  the  other  set  with  the 
other  terminal,  and  thus  a  strong  transverse  electric  force  acted 
on  the  a  particles  as  they  passed  up  between  the  plates ;  this 
diminished  the  ionisation  in  V,  and  from  this  diminution  the 
deflection  by  the  electric  field  can  be  determined ;  from  this  the 
viiliie  of  wm'/e  can  be  deduced  by  the  method  of  §  59.  In  this 
way  Rutherford  found 


=  1025  X  10".. 


..(2). 


From  (1)  and  (2)  we  get 


=  6x10", 


w  =  2-5x  lO"  cm./sec. 
\V(?  see  from  thia  that  the  value  of  ejm  for  these  rays  is  of  the 
same  ()rder  as  10*,  the  value  of  ejm  for  the  hydrogen  ion  in  the 
electrolysis  of  solutions.  Thus  the  mass  of  an  a  particle  is 
Hume  thousands  of  times  greater  than  that  of  a  corpuscle;  in 
consequence  of  this  great  mass,  the  energy  possessed  by  an  a 
particle,  although  its  velocity  is  less  than  that  of  some  of  the  more 
rapidly  moving  corpuscles,  is  much  greater  than  the  energy  of  these 
corpuscles.  In  fact  most  of  the  energy  of  the  radiation  emitted 
from  radio-active  substances  is  in  the  a  rays.     The  a  rays  affect  a 


-  =  4-1  > 


Igiving  -  =  6-4x10'   and   ip  =  l-65xl0'. 


ilJ.L...  J-1!U«^   *«■ 
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photographic  plate,  and  Becquerel*  obtained  a  photogi-aph  of  the 
iftth  of  the  rays  from  radium  bromide  in  a  magnetic  field ;  he 
bund  that  the  direction  of  the  deflection  showed  that  the  chaise 
F  electricity  on  the  rays  was  positive;  also  that  the  curvature 
'  of  the  path  near  the  radium  bromide  was  greater  than  that  far 
away.  The  values  he  obtained  for  mvfe  ranged  from  2"9  x  lO  to 
3-41  X  10»,  agreeing  well  with  Rutherfoni's  result. 

Deecoudreaf  using  the  photographic  method  measured  the 
deflections  of  the  a  particle  in  both  electric  and  magnetic  fields ; 
in  this  way  he  found 

^rgivii 

^H        Mackenzie^    made   at   the   Cavendish    Laboratory   numerous 
^^measurements  of  the  deflections  of  the  a  rays  under  magnetic  and 
^Hwectric   forces.      He   used   a   modification   of   the   photographic 
^^niethod,  placing  in  front  of  the  plate  a  screen  of  zinc  sulphide; 
this  phosphoresced  when  it  was  struck  by  the  rays  and  the  phos- 
phorescence  affected   the   plate.     The  source  of  the  a  raya  was 
x~a«iium  bromide;   his  photographs  showed  that  the  a  radiation 
was  not  all  of  the  same  kind,  for  under  the  magnetic  field  the 
image  of  the  alit  through  which  the  rays  passed  was  considerably 
troadened.  showing  that  the  rays  had  not  all  experienced  the  same 
deflection.     The  broadening  under  the  electric  force  was  not  so 
marked  as  that  under   the  magnetic.     This  is  probably  due  to 
ihe  exposure  not  being  so  prolonged  in  the  electric  as  in  the 
magnetic  field,  for  if  we  assume  that  e/nt  is  the  same  for  all  the 
tides  and  that  the  rays  differ  only  in  their  velocity,  the  dis- 
I  should  be  greater  in  the  electric  than  in  the  magnetic 
ield  as  the  deviation  under  electric  forces  varies  as  the  square, 
■rhile  that  under  magnetic  force  only  as  the  firat  power,  of  the 
felocity.     If,   however,   there   are   comparatively   few   raya   with 
velocities  greatly  different  from  the  mean,  it  will  require  a  very 
<ng  exposure  to  get  a  picture  of  the  edges  of  the  beam  of  a  raya. 
Mackenzie  made  experiments  in  which    the  length  of  path 

•  Becqaerel,  C.  R.  13(i,  p.  1517,  1903. 
+  DeacondrM,  Fhy.  Ztii.  4,  p.  483,  1903. 
I  MackenEJe,  Phil.  Maq.  \<o\  10.  p.  538,  1905. 
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traveraed  by  the  rays  in  the  magn^tdr  field  was  vuied.  Prom 
these  he  showed  that  an  a  panicle  reCoiDEd  ita  charge  dnniig 
the  wholg  of  its  coorae  from  the  ladinm  bromtde  to  the  photi>- 
graphic  plate. 

Mackenzie  found  as  the  lesnits  of  the  expenmenta  in  tike 
magnetic  field,  values  of —  ranging  from  2^5  x  10»  to  392  y  IV. 

The    experiments    in   the    electrie   field   ga^e   III  x  10"  u 
the  valufc  of  mi^.e,  values  of  r  ranging  fr«m 

111  X  lO"  to  1  64  X  ]  .  v«locities  with  which  the 

a  particles  emerge  fri  T  mica  oof-ering  the  radium 

bromide.     Mackenzie  le  rekicities  of  the  particltis 

were  reduced  by  abot  assing  throngh  the  mica,  so 

that  the  velocities  on  im  would  be  from  MSxlO* 

to  1-74x1(1*.     The  VI  s  from  3  X  10*  to  6-05  X  to*, 

the  mean  being  abont  a  particle  carried  the  same 

charge  aa  ii  ci>rpuscle,  roald,  if  it  were  a  hydingeD 

atom,  be  10*,  if  it  were  nm  it  would  be  2-5  x  10*.  if 

it  were  a  molecule  of  hydrogen  5  x  10*.  It  is  probable,  from 
other  considerations,  that  some  if  not  all  of  the  a  particles  will 
be  atoms  of  helium,  for  a  considerable  number  of  a  particles  are 
emitted  by  radio-active  substances  and  therefore  we  should  expect 
to  find  along  with  these  substances  the  element  of  which  the 
a  particles  are  atoms ;  we  do  find  the  element  helium  present 
along  with  radio-active  substances  and  this  is  strong  prima  facie 
evidence  that  some  of  these  particles  are  helium.  The  deter- 
minations of  ejvi  are  not  in  accordance  with  this  view,  if  we 
assume  that  the  charge  on  the  atom  is  the  same  as  that  on  a 
coqiii.Hcle ;  we  know  nothing  however  about  the  magnitude  of  this 
charge  and  if  the  charge  on  the  a  particle  were  twice  that  on  a 
corpUMcIc,  the  values  of  e/m  for  these  particles  would  be  in  good 
accorflaiico  with  those  for  a  helium  atom.  As  to  the  question 
whether  or  not  all  the  a  particles  are  helium,  we  must  remember 
that  it  in  easier  to  establish  a  definite  relation  between  the  rate 
of  production  of  the  gas  and  the  amount  of  radio-activity  for  a  gas 
like  helium  which  does  not  enter  into  any  chemical  combination 
and  which  only  occurs  sparingly,  than  for  a  gas  like  hydrogen,  of 
common  occurrence  and  of  which,  even  if  it  were  produced  by 
radio-active  substances,  the  amount  arising  in  this  way  would 
be  small  compared  with  the  total  amount  present. 
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When  A  thick  layer  of  radium  is  used  the  a  raj's  which 
merge  have  cotut!  from  different  depths  below  the  surface  and  so 
mnst  emerge  with  different  velocities,  having  travelled  different 
distances  in  the  retarding  medium.  Bragg  and  Kleeman  however 
by  their  researches  on  the  absorption  of  the  a  rays  (see  §  182)  have 
shown  that  there  is  a  more  fundamental  reason  than  this  for  the 
variation  in  velocity,  and  that  the  different  disintegration  products 
of  radium  emit  a  rays  of  different  qualities. 

There  is  good  reason  for  supposing  that  polonium  is  one  of  the 
disintegration  products  of  radium.  Mackenzie  found  for  the  «  rays 
from  a  specimen  of  radio-active  tellurium  (polonium)  obtained 
from  Sthamer  the  value  33 x  10*  for  mv/e,  which  is  intermediate 
between  the  greatest  and  least  values  he  found  for  the  rays  from 
radium  bromide.  Hough  has  recently  determined  at  the  Cavendish 
Laboratorj'  the  value  of  efm  for  the  a  rays  from  this  substance :  he 
finds  that  it  is  equal  to  4'8  x  lO",  and  is  thus  approximately  the 
same  as  for  the  a  particles  from  radium  bromide. 

180.  The  a  rays  lose  their  power  of  affectiug  a  photographic 
plate  suddenly  after  passing  through  a  certain  thickness  of  air  or  a 
smaller  thickness  of  a  denser  substance.  Rutherford*  measured 
the  value  of  mvje  for  the  a  rays  given  out  by  a  thin  layer  of  radium 
C  after  the  rays  had  traversed  successive  layers  of  aluminium,  he 

I  creased  the  number  of  layers  until  the  rays  ceased  to  affect  a 
lotographic  plate;  the  results  are  given  in  the  following  table, 
e  thickness  of  each  layer  of  aluminium  foil  was  00031  cm. 

From  these  results  we  see  that  just  before  the  rays  lost  their 
power  of  affecting  a  photographic  plate  they  atiU  possessed  about 
I  per  cent,  of  the  verj"  large  amount  of  energy  they  had  when 
■ey   emerged   from    the    radio-active   substance.       The 


Number  of  Uyare 

Titluf  or  mrle 

0 
5 
8 
10 
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13 

1 

■85 
■76 
■73 
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no  photographic  effect 
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velocity  in  pa-^rint;  ifanmgb  the  different  layers  is  veiy  newly 
proportiooal  t'  th'.-  nomber  of  layers  pasecd  through ;  Uieexpen- 
tnents  however  an;  hardly  dedave  between  thk  supposition  and 
the  alteraative  <  >r.':-  ihat  tJte  \am  of  energy  is  proportional  to  (k<: 
number  of  lay>-rs  j^ti^ed  throagli. 

The  most  probable  reason  for  the  lens  of  photographic  poireT 
(aud  this  loss  i.s  .-too xnpaiiied  In-  (he  loss  of  ionisiDg  power)  seems 
to  me  to  be  that  when  the  energy  of  the  a  particle  fells  belo' 
a  certain  value,  a  ne  corpuscle  gets  attached  W 

the  particle  so  that  it  neutralised  and  it  becomes 

an  uncharged  at<  .ni  w  uoperties  from  the  original 

a  particle.     Iti  order  e  should  separate  from  n 

corpuscle  after  collid  [»eeeasary  that  the  relative 

velocity  of  the  part  uscle  before   impact  must 

exceed  a  definite  va  the  relative  velocity  of  a 

corpuscle  and  particU  separated  by  a  distance  a, 

M  the  mass  of  th«  p  a  corpuscle,  E  and  e  the 

charges  on  the  ji.irticte  ii..n  >,  electrostatic  measure,  then 

we  can  easily  show  by  the  theory  of  Central  Forces  that  if  M  is 
large  compared  with  m  the  condition  that  the  particle  should 
get  away  from  the  corpuscle  is  that  ^mif  should  be  greater  than 
Eeja :  if  this  condition  is  not  fulfilled  the  corpuscle  will  become  a 
satellite  of  the  particle  and  make  it  electrically  neutral.  If  we 
put  a  equal  to  the  radius  of  the  particle  then,  as  long  as  ^mv'  is 
>  Eeja,  the  particle  can  not  be  neutralised,  for  it  will  be  able  to 
escape  from  the  corpuscle  after  any  collision ;  if  we  put 

e/)rt  =  51  xlO",  E  =  e  =  3ox  lO"",  a=10-«, 
the  limiting  value  of  w  =  1'9  x  10° ;  if  the  velocity  fell  below  this 
value  then  it  is  possible  that  a  collision  might,  if  the  bodies  came 
close  together,  result  in  the  o  particle  having  its  charge  neutralised. 
The  value  foiind  by  Rutherford  for  the  velocity  of  the  a  particle 
when  it  ceases  to  ionise  is  considerably  greater  than  the  limiting 
value  just  found,  we  need  not  attach  much  importance  to  this  as 
the  value  of  a  we  used  was  the  conventional  one  10~*cm.  and 
not  one  deduced  from  any  property  of  the  a  particle.  If  the 
jiarticle  had  a  greater  charge  than  the  corpuscle,  say  twice  the 
eha,rge,  the  limiting  velocity  would  be  higher,  but  in  this  case  we 
should  expect  the  loss  of  ionising  power  to  occur  by  two  steps, 
one  when  the  positive  charge  was  diminished  to  one-half  when  it 
took  up  the  first  corpuscle  and  the  other  when  the  charge  was 
Anally  neutralised  by  a  second. 
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181.  Absorption  of  the  a  rays.  Some  early  experiments  made 
by  Mme  Curie*  on  the  a  rays  from  polonium  showed  that  the 
absorption  of  these  rays  presents  some  very  interesting  features. 

The  arrangement  used  to  show  this  is  represented  in  Fig.  86 : 
PP,  P'P'  are  two  metallic  plates  between  which  the  current 
produced  by  a  considerable  potential  di£ference  is  measured  in 
the  usual  way :  the  polonium  is  placed  at  A  and  the  rays  from  it 
go  through  wire-gauze  at  T.     When  the  distance  AT  exceeded 


BATrtMr 


eUCTROMeTEP 


L 


Fig.  86. 

4  cm.  no  current  could  be  detected  between  the  plates,  as  this 
distance  diminished  the  appearance  of  a  current  was  very  abrupt, 
a  small  diminution  in  this  distance  making  the  current  increase 
from  an  exceedingly  small  value  to  an  appreciable  fraction  of  its 
value  when  the  polonium  was  quite  close  to  T,  When  the 
polonium  is  covered  with  a  thin  sheet  of  aluminium  foil  the 
absorption  produced  by  the  foil  is  much  greater  when  the  distance 
AT  'v&  considerable  than  when  it  is  small.  The  eflFects  observed 
with  polonium  (and  they  also  occur  as  Mme  Curie  has  shown 
with  the  a  rays  of  radium)  are  those  which  would  be  produced 
if  the  polonium  rays  were  homogeneous  but  became  less  pene- 
trating after  passing  through  an  absorbing  medium. 

182.     Recent  experiments  made  by  Bragg  and  Kleemanf  have 
thrown  a  great  deal  of  light  on  the  laws  of  absorption  of  these  rays. 


•  Curie,  Comptfs  Rfndus,  cxxvii.  p.  175,  1898. 

t  Bragg  and  Kleeman,  Phil,  Mag.  [6]  10,  p.  318,  1905. 
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The  method  they  iised  was  to  measure  the  ionisation  produced  in » 
thin  chambep  AB  by  a  narrow  pencil  of  a  rays  coming  from  a  smai' 
quantity  of  r^idiiim  K  and  to  find  how  it  varied  as  the  (iiawnc 
between  the  niiiiuni  and  AB  was  gradually  incrcaaed.    Since  tb^^ 


I 


chamber  was  large  enough  always  to  catch  the  whole  pencil  of  ray- 
no  correction  is  needed  for  the  spreading  out  of  the  rays  as  thei  ' 
distance  from  the  radium  increases.  To  get  the  results  in  th^ 
simplest  form  it  is  desirable  to  have  only  one  radio-active  substance 
present.  Radium  bromide  ordinarily  contains  not  merely  radium, 
but  also  its  disintegration  products ;  it  can  however  be  temporarily 
freed  i'mm  these  by  prolonged  heating.  In  this  case  the  curve 
representing  the  relation  between  the  amount  of  ionisation  in 
the  chamber  and  the  distance  from  the  radium  is  of  the  kind 
^epI^'sented  by  (I)  in  Fig.  88,  the  ordinates  representing  the 
distance  from  the  radium  and  the  abscissae  the  amount  of  ionisation. 
We  see  that  at  first  the  ionisation  actually  increases  as  the  distance 
increases,  when  however  a  certain  distance  fr»m  the  radium  is 
reached  the  ionisation  very  rapidly  falls  off  to  a  small  fraction 
of  its  former  value.  Thus  we  may  regard  the  a  rays  as  being  able 
to  penetrate  a  certain  distance  in  air  without  loss  of  ionising 
power,  while  after  passing  this  distance  they  suddenly  lose  this 
power  almost  entirely ;  they  lose  at  the  same  time  their  power  of 
producing  phosphorescence  and  of  afiecting  a  photographic  plate ; 
this,  as  I  have  already  stated,  is  in  my  opinion  due  to  the  a  particle 
losing  its  charge  from  its  inability  to  keep  away  from  negative 
corpuscles  with  which  it  collides. 


182] 
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Though  the  ionising  power  of  the  rays  does  not  at  first  diminish 
with  increase  of  distance  travelled  by  the  rays,  their  velocity 
as   Rutherford's  experiments  show  steadily   diminishes  and   the 


SaU  qf  DUdharge  In  ArUtrary  UniU 
Fig.  8S. 

increase  of  ionisation  with  the  distance  is  probably  an  illustration 
of  the  principle  of  which  we  shall  find  many  examples  that 
the  ionising  power  of  rapidly  moving  charged  particles  increases  as 
the  velocity  of  the  particles  diminishes.  In  interpreting  these 
results  however  we  must  not  forget  that  secondary  radiation  is 
produced  by  the  impact  of  the  rays  with  the  matter  through  which 
they  pass.  The  effect  of  the  secondary  rays  due  to  the  passage 
through  the  gas  will  increase  with  the  distance  while  that  due  to 
the  impact  against  the  further  plate  in  the  ionising  chamber  will 
diminish. 
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When  instead  of  using  a  single  mdio-active  substance  '•■^ 
use  radium  fartimide  in  radioiu;tive  equilibnum  which  conuiiui 
mixture  of  these  .siib8tanc«s  the  cun'es  are  more  complex.  Fig.  SB 
taken  from  a  jtajici-  by  Bragg  and  Kloeman*  shows  some  specimfiia 
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of  these  curves.  It  will  be  seen  that  they  contain  several  pomte  at 
which  the  ionisation  suffers  an  abrupt  diminution,  indicating  th»t 
the  a  raya  from  the  different  radio-active  substances  have  different 
penetrating  power.  From  these  curves  Bragg  and  Eleeman  (fw- 
ct(.)  have  calculated  that  the  a  rays  emitted  by  radium  and  som^ 
of  its  disintegration  products  can  penetrate  the  following  distaDWS 
in  air  at  atmospheric  pressure  before  losing  their  ionising  power. 

Radium  3-50  cm. 

Emanation  or  | 

Radium  A    )  " 

Radium  .d  or  | 

Emanation    J  " 

Radium  C  706    „ 

One  set  of  a  particles  have  a  range  of  4'23  cm.,  another  a  ranjp 
of  483 ;  one  of  these  comes  from  the  emanation  the  other  fro™ 

*  Bngg  Bnd  Eleemui,  Pkil.  Mag.  [6]  10,  p.  BIS,  190S. 
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Tsdiutn  A ;  it  has  not  however  yet  beeo  settled,  whether  the 
«(  particles  from  radium  A  are  those  with  the  longer  or  shorter 
range. 

If  a  thin  piece  of  metal  is  placed  over  the  radium  the  ranges 
of  all  the  a  particles  are  diminished  by  the  same  amount.  This 
is  shown  by  the  curves  obtained  by  Brag^  and  Eleeman  which  are 
represented  in  Fig.  90. 
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Absorjition  of  a  rays  by  different  substances. 

183.  By  comparing  the  drop  in  the  range  in  air  produced  by  films 
of  different  materials  we  can  compare  the  absorption  of  the  a  rays 
produced  by  these  materials.  Thus  wo  see  from  the  figure  that  a 
film  of  silver  for  which  the  product  of  the  density  and  thicknosa  is 
'00967  diminishes  the  range  of  the  a  particles  in  air  by  335 em., 
i.e.  a  silver  stratum  for  which  pd  =  ■00967  produces  the  same 
absorption  as  an  air  stratum  for  which  pd  =  3'35  x0012  =00402. 
In  this  way  Bragg  and  Kleeman  found  the  very  interesting  result 
that  the  masses  of  unit  area  of  strata  of  equal  absorption  are 
proportional  to  the  square  root  of  the  atomic  weights  of  the 
absorbing  substances.     Thus  for  example  the  masses  of  layers  of 
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oxygen  and  hydrogen  producing  eqiul  amonote  c^  afaeorptioii  bk 
as  4  to  1,  or  if  the  pressures  are  ihe  same  the  tfakknem  of  (ht 
hydrogen  straiuni  is  four  times  iJwit  of  the  oxygen  one,  inolh^ 
words  the  raiif^t-  of  the  a  particles  in  hydrogen  and  in  oxygeD air 
in  the  proportion  of  4  to  1. 

If  m  is  th<;  mass  of  the  atom,  X  the  number  of  atoms  in  ibe 
volume  of  thf  ftratum  cut  off  by  a  cylinder  whose  cross  section  a 
of  unit  area,  tht-n  the  mass  -per  onit  area  of  the  stratum  is  Nvt  mi 

for  equal  absorption  —  constant,  i.e.  N^/m  moat  be 

constant,  or  tht-  iib  numbers  of  atoms  must  be 

pr()p(>rtionaI  t<i  the  he  atomic  weight. 

This  law  of  aim.  lifferent  from  that  of  rapidlj 

moving  negittive  cc  latter  case  equal  absorptioiu< 

are  approximately  p  1  masses ;  thus  a  stratum  of 

hydrogen  to  produce  ion  of  the  negative  corpiisclfs 

as  a  stratum  of  ox]  to  be  sixteen  times  thicker, 

while  to  prcKiiici'  equal  aosorpuiuu  „f  the  a  rays  only  four  times 
the  thickness  would  be  required.  Thus  increase  in  the  atomic 
weight  does  not  produce  the  same  increase  in  absorption  for  the 
a  rays  as  it  does  for  fast  cathode  rays,  while  in  the  case  of  soft 
Rontgen  rays  increase  in  atomic  weight  produces  even  greal*r 
increa-se  in  absorption  than  it  does  for  cathode  rays. 

The  a  rays  emitted  by  different  substances  have  different 
ranges,  the  onler  in  increasing  range  is 


excited  radiation 


Thorium  ] 

Rjtdium   I 

Thorium 

Ra^lium 

Polonium 

Uranium. 

184.  If  instead  of  using  a  narrow  cone  of  rays  from  a  spec-* 
of  radio-active  substance  we  use  all  the  rays  given  out  by  suC 
u  Niibst-iince  spread  over  a  considerable  area,  we  shall  find  that  tl"^ 
ionization  at  different  distances  from  the  radio-active  substanc^ 
continually  diminishes  as  the  distance  increases,  and  does  not  (lil^* 
that  due  to  a  thin  pencil  of  rays)  remain  independent  of  tfc^ 
distance  when  this  is  small.     An  inspection  of  Fig.  91  will  sho"^^ 
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at  once  why  this  is  the  case,  the  a  rays  are  emitted  in  all  directions 
and  an  oblique  ray  like  PQ  may  have  to  travel  more  than  the 


critical  distance  before  it  crosses  the  plane  LM  even  though  the 
distance  of  this  plane  from  the  radio-active  substance  is  much 
less  than  the  critical  distance;  the  proportion  of  oblique  rays  which 
fail  to  reach  the  upper  plane  increases  with  the  distance  of  this 
plane  from  the  substance,  and  thus  the  ionisation  will  diminish  as 
this  distance  increases,  however  small  the  distance  may  be. 

The  earlier  experiments  on  the  absorption  of  the  a  rays  were 
made  with  such  a  disposition  of  the  radio-active  substance  and  the 
diminution  in  the  ionisation  as  the  distance  increased  led  to  the 
belief  that  the  intensity  of  the  a  rays  at  a  distance  d  from  their 
source  was  proportional  to  e"^;  the  experiments  of  Bragg  and 
Kleeman  have  shown  that  this  is  not  the  case. 

186.  Ionisation  produced  by  a  rays  when  they  pass  through 
different  gases.  Strutt*  has  made  a  very  extensive  series  of 
experiments  on  the  ionisation  produced  by  a  rays  when  they  pass 
through  difierent  gases,  the  pressure  of  the  gas  in  the  ionisation 
vessel  being  so  low  that  the  a  rays  passed  through  the  vessel  with- 
out losing  their  power  of  ionisation  ;  this  was  tested  by  measuring 
the  ionisation  at  different  pressures  and  reducing  the  pressure 
until  the  ionisation  was  exactly  proportional  to  the  pressure.  The 
results  are  given  in  the  following  table  and  it  will  be  seen  that 
they  suggest  that  except  for  hydrogen  and  methyl  iodide  the 
ionisation  is  proportional  to  the  density  of  the  gas.  Other  con- 
siderations show  however  that  this  cannot  be  the  law  connecting 
the  ionisation  with  the  molecular  weight  of  the  gas.  For  by  this 
law  the  amount  of  ionisation  produced  by  an  a  ray  per  unit  length 
of  its  path  through  a  gas  would  be  proportional  to  the  density  of 
the  gas.  Bragg  and  Kleeman  have  shown  however  that  in  a  gas 
at  constant  pressure  the  length  of  path  during  which  the  a  particle 

♦  Hon.  B.  J.  Strutt,  Phil.  Trans,  A.  196,  p.  507,  1901. 
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acts  as  an  ioni^r  is  approximately  inversely  proportional  to  I 
sum  of  the  wiiuare  roots  of  the  atomic  weights  of  the  abmis  ii 


I  Relative  denBity  I 


lonisktion 
olonklfd  on 


Hydrogeu    

Air  

Oiygen    

Carbon  diuiidc  

Cyanogen    

Sulphur  dioiide 

Chloroform 

Methyl  iodide 

Carbon  tetrachloride. 


0-S8S 
l-OO 
116 


4-44 
3-51 
5-34 


molecule  of  the  gu  of  an  elementary  gaa  to  the 

square  root  of  its  ubudh.^  _.  „  ustaut  pressure.  CombininK 
this  with  Strutt's  result  that  the  ionisation  per  unit  length  of 
path  is  proportional  to  the  density  we  see  that  the  total  number 
of  ions  produced  by  the  a  particle  would  be  proportional  to  the 
square  root  of  the  atomic  weight  of  an  elementary  gas.  Thua  if 
both  these  laws  were  true  the  a  particles  ought  to  produce  more 
ions  in  gases  of  large  atomic  weight  than  in  those  of  low  provided 
the  particles  are  entirely  absorbed  by  the  gas.  The  variation  in 
the  number  of  ions  would  be  large,  thus  in  mai^h  gas  CH,  the 
number  would  only  be  about  half  that  in  hydrogen  while  in  iodine 
vapour  the  number  would  be  eleven  times  that  in  hydrogen. 

Rutherfoi-d  gives  the  following  results  for  the  relative 
numbers  of  ions  produced  when  the  a  rays  from  uranium  arc 
entirely  absorbed  by  different  gases. 


Air  

Hydrogen    

Oijgen    

Carnon  dioiide  

',  Hydrochloric  acid  .. 
I  Ammonia    
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Ifese  results  suggest  that  the  number  of  iims  produced  when 

X  rays  are  absorbed  is  much  the  same  in  all  gases.     Laby  has 

I'CKcently  made  experiments  at  the  Cavendish  Laboratory  on  this 

)oint  and  has  found  that  though  there  are  unmistakable  differ- 

ifes  in  the  number  of  ions  produced  in  different  gases,  the  range 

l-of  these  differences  is  very  much  smaller  than  they  would  be  if  the 

niaatton  were  proportional  to  the  density  and  that  in  general  the 

ifferences  are  small.  Laby's  results  are  given  in  the  following  table. 

Table  II, 


°*","'y      Formnla 


AirfstAtidard]...  1-00 

Nitrous  oude...  1-52  NgO 

Carbon  dioxide  1-Q3  CO, 

Awtylene    -97  C^, 

Pentane  2-50  CsH,i 

Ithyl chloride...  8'22  C,H„.C1 

ethyl  bromide  8'31caL  CUi.Br 

byl  ether 3-67  (CjHOjO 

notiia    -A9  NH, 

*yde IMcal.  CHj.CHO 


Stopping  power 
given  bj  BiAgg 
and  Kleemsu 


To  Ml  ionisAtion 


Calculated  on 

tlie  aBsomp- 
tion  that  /  is 
proportional 


If  the  variations  in  tbe  total  number  of  ions  produced  are 
ball,  the  amount  of  ionisation  per  unit  length  of  path  must  be 
iversely  proportional  to  the  length  of  the  path,  i.e.  the  amount  of 
misation  per  unit  length  of  path  must  be  proportional  to  the 
mm  of  the  square  roots  of  the  atomic  weights  of  the  atoms  in  the 
molecule.  The  ionisation  according  to  this  law  is  given  in  the 
third  column  of  Table  I,  p.  368.  If  we  compare  the  results  given 
F  this  law,  which  we  shall  call  the  square  root  law,  with  those 
I  by  the  law  that  the  ionisation  per  unit  length  of  path  is 
roportional  to  the  density  of  tbe  gas,  we  see  that  the  square  root 
■  has  the  advantage  of  bringing  hydrogen  into  line  with  the 
ees ;  on  the  density  law  the  behaviour  of  hydrogen  is  quite 
%ptiutuiL  Laby's  results  show  that  the  density  law  is  untenable, 
nd  that  for  a  cojjsiderable  number  of  gases  the  square  root  law  is 
■ne.   The  square  root  law  will  not  hold  for  those  gnsee  in  which  the 
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total  ionisatioii  differs  appreciably  from  that  in  hrdrogen ;  if  thi- 
total  ionisAtion  is  in  excess  the  ioDiafttioii  per  unit  leogth  in  the 
gas  will  excetd  that  given  by  the  square  root  law,  while  if  itw 
total  ionisation  in  leas  than  that  in  hydix^n,  the  square  root  1ft* 
will  give  too  high  a  value  for  the  ionisation  per  unit  length. 

The  ionisati'in  produced  by  an  a  particle  seems  to  depeai 
upon  its  charge,  for  these  particles,  as  Rutherford  has  shoira,: 
cease  to  ionisc_'  at  a  stage  whoD  they  possess  far  greater  kineti* 
enei^  than  is  nvci'  ordinary"  gaseous  positive  iaa 

produce  ionisatim  most  natural  explanation  d 

thia  seems  to  bf  th  if  ionisation  by  the  a  partide   ■ 

is  due  to  its  charge  rnlised  by  a  corpuscle  so  that 

the  system  no  lung  sternal  electric  field.    If  tht 

ionisation  is  due  tc  1  we  may  suppose  that  when 

an  atom  comes  so  n  Je  that  the  force  at  the  atan 

due  to  the  particle  i  ralue  F,  a  corpuscle  is  dn^g«3 

from  the  atom  and  ed.     The  force  due  to  tbe  a 

particle  at  a  dist^ince  r*.  hence  everj'  atom  will  be 

ionised  which  comes  within  a  distance  d  of  the  particle,  if  -jj  =  f- 
If  N  is  the  number  of  atoms  per  unit  volume  the  number  of 
atoms  ionised  by  a  particle  per  unit  length  of  path  will  be  Nird'- 
or  -jrNejF.  If  the  square  root  law  of  ionisation  is  true  it  follows 
that  the  electric  force  required  to  pull  a  corpuscle  Irom  an  atom  is 
inversely  jmijwrtional  to  the  square  root  of  the  atomic  weight. 

186.  We  shall  now  proceed  to  enquire  under  what  conditions 
an  a  particle,  which  is  probably  an  atom  of  helium,  could  travel 
through  7  cm,  of  air  at  atmospheric  pressure  and  have  its  velocity 
reduced   from   2*6x10'   to   2  x  10*  cm./sec.      We   shall   use  th^ 
methods  developed  by  Maxwell  in  his  paper  on  "  The  Dynamica- 
Theory  of  Gases,"  Collected  Papers,  vol.  ii.  p.  36,  supp<»ing  tha  "* 
the  a  particles  and  the  atoms  of  the  gas  through  which  they  ar^ 
passing  exert  forces  on   each   other  depending  on  the  distance 
between  them. 

187.  The  a  particles  are  moving  so  rapidly  that  the  other^ 
particles  may  be  regarded  as  at  rest ;  let  ua  suppose  that  the' 
force  between  an  a  particle  and  a  particle  of  matter  is,  when  they' 

are  at  a  distance  r  apart,  — ,  then  if  V  is  the  velocity  of  the* 
a  particle,  M„  Mt  the  maaaea  o{  \.W  a  ^xtvcU  and  a  p 
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matter  respectively,  we  have,  if  SF  is  the  increase  in  V  pro- 
duced by  a  collision  between  an  a  particle  and  a  particle  of 
matter,  and  20  the  angle  through  which  the  direction  of  the 
relative  velocity  of  the  a  particle  and  the  molecule  against  which 
it  collides  is  deflected, 

g^=-  Mi^^'iLi  Fsin«£? 

(see  Maxwell,  "  The  Dynamical  Theory  of  Gases,"  Collected  Papers, 
vol.  II.  page  36) :  0  is  given  by  the  equation 

IT     ^     C^  dx 


faf ax 


where  ^  =  o  \rr/  »jr ir\c       » 

and  of  is  the  root  of  the  equation 

1-a^ =-    -        =0; 

w  —  1  \aj 

b  being  the  perpendicular  distance  from  the  molecule  on  the 
direction  of  motion  of  the  particle  before  collision :  0  is  thus 
a  function  of  a  and  ??.  If  the  a  particle  moves  through  a  distance 
Aor,  then  in  traversing  this  distance  the  number  of  molecules  with 
which  it  collides  having  values  of  6  between  6  and  b  +  Sb  is 
^wbSbN^  where  N  is  the  number  of  molecules  per  unit  volume. 
If  the  effects  of  these  collisions  are  additive,  as  they  will  be 
to  a  first  approximation  if  the  value  of  SF  for  each  collision 
is  small,  AF  the  increase  in  F  when  the  a  particle  moves  through 
a  distance  A^  is  given  by  the  equation 

AF=-  ^^^  VNAx  r^m^0Mb 
M1  +  M2  Jo 

M.  +  M^l  (FWii/j)  j  Jo 

Now  fl  is  a  function  of  n  and  a  only.     Hence  1     47r  sin*  0ada 

Will  be  a  function  of  n  alone  and  will  not  involve  F,  Mi,  or  M^ :  let 
Us  call  it  Ai,  then 


2 

dV 
dx 


""  KVMA    m,m,    J    ^^^^    '• 
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If  the  law  I  •{  force  is  that  considered  by  Maxwell,  t>,  the  inverae 
fifth  power  of  ihe  (iistance,  n  =  3  and  thus  -j-  ia  independem  of 
the  velocity. 

If  howeveir  the  law  were  the  inverse  fifth  power,  the  penetra- 
tion of  the  a  partick'S  would,  unless  their  constitution  diflera  very 
much  from  thiil  of  an  ordinary  atom,  be  very  much  less  than  is 
actually  the  case.     We  can  calculate  the   penetrating  power  of 


helium  moving  thii. 
diffusion  of  hi.'liiini 
of  Gases) 


If  D  is  the  coefficiwil  "f 
a  (set:  Maxw&U.  Bynamicd 


where  pi,  pi,  jh..  p^  are 
helium  and  air  respf 
the  number  of  a  pari 

molecules  p=pa. 


issures  and  densities  of  the 
:p,+/(,;  in  OUT  case  when 
mpared  with  the  number  of 

dV 


Comparing  this  with  the  expression  for  -7—  we  see  that 
dV         1  p,         10"  .      ^  , 

when  D  is  the  value  at  0°  C.  In  the  absence  of  any  direct  deter- 
mination  of  D  we  shall  assume  that  it  is  about  the  satne  as 

hydrogen  through  air,  1 

Rutherford's  experiments  show  that  the  velocity  of  an  a  particle 

falls  from  26  x  10'  to  2  x  10"  cm./sec  in  7 cm., hence  for  the  a par- 

dV 
tides  J—  ia  of  the  order  10*,  or  only  about  one  hundredth  part  of 

the  calculated  value ;  thus  if  the  law  of  force  were  the  inverse 
fifth  power  of  the  distance,  the  penetrating  power  of  the  0  particles 
could  not  exceed  one  hundredth  part  of  their  actual  value.  If  n  is 
less  than  five  the  penetrating  power  will  increase  rapidly  with  the 
velocity  and  a  value  of  n  between  3  and  4  would  give  su£Bcient 
penetrating  power  to  be  in  accordance  with  the  observations. 
The  variation  of  viscosity  with  temperature  shows  that  between 
molecules  of  the  same  kind  n  must  be  greater  than  5,  bat  the 
case  of  the  a  particles  differs  materially  from  that  contemplated  in 
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e  Kinetic  Theory  inasmuch  as  these  particles  are  charged  with 

jctricity  which  will  affect   the   forces  between  them  and  the 

3lecales  of  the  gas  through  which  they  pass.     It  may  be  noticed 

dV 
at  1/2),  which  is  proportional  to  -y-  ,  is  for  many  pairs  of  gases 

proximately  proportional  to  the  product  of  the  square  roots  of 
e  atomic  weights,  a  result  analogous  to  Bragg  and  Kleeman's 
uare  root  law. 


I  the  detection  of  the  positive  electrification  on  the  a  rays,  and  the 
emission  of  slowly  moving  negatively  electrified  particles  by 
radio-active  substances. 

188.  The  detection  and  measurement  of  the  positive  charge 
rried  by  the  a  raj^  is  somewhat  difficult  owing  to  radio-active 
bstances  emitting  large  quantities  of  slowly  moving  negatively 


/  \ 


Fig.  92. 


1 


*<'-'  ^^,/6y  which  I  detected  these  pifi/c/ts 

*        /  .--■■■"'■''"   '^^iirfiWea  is  BB  fidloWB*. 

"^T^-  -i^'  ■  ",',.«i'pt?  A  (Fig.  92)  was  placed  in  a  large  glass 

'^Ag^'t'^'urli  na-toi\  connected  with  the  earth,  the  leavieeof  - 

„o»*''  """^^.pt  "<T*^  supported  by  »  rod  of  fused  quartz  and  were 

tl"-' '  Tfij-  (6c  wire  D,  a  polonium  disc  (obtjvined  from  Slhamerl 

'''""thieed  in  the  side  tube  i)  at  a  distance  of  about  1  millimetre 

"  jjj  Ike  electroscope,  and  the  tube  was  exhausted  to  a  very  lo« 

,.nciii"U  by  Dewar'e  method  of  cooling  charcoal  with  liquid  air. 

fhe  vessel  was  placed  between  the  poles  of  a  powerfiil  electnh 

niflgnet  which  when  excited  gave  a  field  of  about  12,000  unita 

between  the  polonium  disc  and  the  electroscope.     When  there  'm 

no  magnetic  field  the  leak  when  the  electroscope  was  chaijed 

positively   was   large,   much   larger   than   when   it   was  charged 

negatively,  whereas  if  there  had  been  nothing  but  a  raya  given 

off  from  the  polonium  the  leak  would  have  been  greater  when  the 

electroscope  was  charged  negatively.     The  large  positive  leak  is 

due  to  slowly  moving  corpuscles  given  off  by  thi'  polonium ;  thfse 

are   moving  very  slowly,  their  velocity  corresponding   to  a  M 

through  a  potential  difference  of  the  order  of  2  or  3  volts,  whereas 

the  ordinarj-  0  particles  have  velocities  corresponding  to  a  fell 

through  many  thousand  volts.   In  consequence  of  their  lowvelocities 

these  corpuscles  are  stopped  by  a  thin  layer  of  air,  so  that  in  oider 

to  detect  them  it  is  necessary  to  have  a  very  good  vacuum.   I  b»™ 

found  that  they  are  given  off  by  radium  and  uranium  as  well « 

polonium,  and  Miss  Slater  has  shown  that  they  are  also  emitted 

by  thorium  and  by  the  radium  emanation.     The  emission  of  these 

corpuscles  will  leave  the  particles  of  the  emanation  with  a  positive 

charge  and  will  thus  explain  the  tendency  of  the  emanation  to 

condense  on  negatively  electrified  bodies. 

Thus  slowly  moving  corpuscles  can  be  stopped  by  a  strong 
magnetic  field  and  when  this  is  done  we  can  detect  the  positive 
charge  on  the  a  particles,  for  in  the  presence  of  a  strong  field  it  is 
found  that  the  leak  of  the  electroscope  shown  in  Fig.  92  is  zero 
when  it  is  charged  positively  and  quite  appreciable  when  it  is 
charged  negatively,  showing  that  the  a  particles  from  the  polonium 
carry  a  positive  charge.  Butherfordf  has  also  by  a  similar  method 
detected  the  positive  charge  on  the  a  particles. 

*  J.  J.  TbomsoD,  Pmc.  Caah.  Phil.  Soc.  xiii.  p.  49,  19U. 
+  Bntherforf.  Phil.  Uag.  f6]  x.  p.  198,  1906. 
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i89.  Absorption  of  caOiode  rays.  If  a  layer  of  matter  is  placed 
t  of  a  stream  of  corpuaclee,  the  sti'eam  after  passing  through 
1  difiers  in  two  respects  from  the  incident  stream;  in 
ret  place  the  number  of  corpuscles  in  the  former  stream  is 
I  that  in  the  latter,  and  secondly  the  energy  of  the 
individual  particles  in  the  stream  is  diminished  by  the  passage 
through  the  layer;  the  emergent  stream  is  also  more  diffuse  than 
the  incident  one.  It  is  necessary  to  distinguish  these  effects 
because  in  some  experiments  it  is  merely  the  diminution  in  the 
Aumber  that  is  measured,  in  others  it  is  the  diminution  in  energy, 
B  in  others  the  effects  observed  depend  upon  both  the  diminu- 
I  in  the  number  and  the  diminution  of  the  energy.  An  example 
jhe  first  kind  is  Seitz's  experiment  in  which  the  quantity 
leaaured  is  the  charge  carried  by  the  rays  which  get  through  the 
ite;  this  depends  only  on  the  number  of  corpuscles;  an  example 
!  the  second  kind  is  Leithauser's  experiment  where  the  magnetic 
dt-tiection  of  the  ray  was  measured  after  passing  through  the  plate ; 
and  examples  of  the  third  kind  are  experiments  auch  aa  those  of 
Lenard  and  Rutherford  in  which  the  effect  produced  by  the  inter- 
pijsition  of  the  layer  on  the  phosphorescence  or  ionisation  produced 
by  the  rays  is  measured.  The  diminution  in  the  number  of 
ziuscles  is  due  to  the  deflection  of  the  corpuscles  under  the  forces 
]  upon  them  by  the  atoms  through  which  they  pass ;  if  a 
nscle  passes  very  close  indeed  to  one  of  the  corpuscles  inside 
1  the  path  of  the  corpuscle  will  be  deflected — if  it  is  deflected 
through  more  than  a  right  angle,  the  corpuscle  will  turn  back  and 
will  not  emerge  from  the  plate ;  instead  of  being  deflected  all  at 
by  one  collision,  the  reversal  may  be  produced  by  the 
nulation  of  the  effects  of  several  collisions. 

}Qalcula^n  of  the  coefficient  of  absorption  of  cathode  particles/) 

i  suppose  that  an  atom  consists  of  a  number  ol  corpuscles 
^buted  through  positive  electrification  we  can  find  an  ex- 
Siion  for  the  abtiorptiou  experienced  by  corpuscles  when  they 
piis.1  through  ft  layer  containing  a  large  number  of  such  atoms. 
The  rapidly  moving  corpuscle  will  penetrate  the  atom  and  will  be 
1' tit'cted  when  it  comes  near  an  inter-atomic  corpuscle  by  re- 
ihion  between  the  corpuscles,  this  deflection  will  produce  an 
,.;.=L.rplion  of  the  cathode  particles.  If  the  corpuscle  in  the  atom 
leld  fixed  by  the  forces  acting  upon  it,  the  colliding  corpuscle 
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will,  after  the  coiii.sion,  have  the  same  velocity  as  before,  though 
the  direction  nf  its  motion  will  be  deflected ;  if  the  atomic  coq)U9cle 
A  is  not  fixed  the  colliding  corpuscle  B  will  communicate  some 
energy  to  it  and  will  iteelf  go  off  after  the  collision  with 
diminished  energy.  Without  sohing  the  verj-  comphcatd 
problem  which  presents  itself  when  we  take  into  accoimt  the 
forces  exerted  bj-  the  other  corpuscles,  we  can  form  some  idea  of 
the  effects  produced  by  such  constraint  by  following  the  effwis 
produced  by  increasi  The  general  effect  of  greal 

constraint  would  be  upposiug  the  mass  of  4  W 

be  very  large,  while  ;raint  would  be  represented 

by  supposing  the  ma  il  to  that  of  B. 


Let  M„  M,  be  tl; 
ively;  we  shall  supp 
great  that  in  comp 
regarded  as  at  rfst. 
collision,  b  the  perpt 


corpuscles  A  and  B  reapect- 
of  the  colliding  corpuscles  so 
icles  in  the  atom  may  be 
e  velocity  of  B  before  the 
from  A  on  V.    Then  if  20 


be  the  angle  through  which  the  airectiun  of  relative  motion  is 
deflected  by  the  collision,  we  can  easily  show  that,  taking  the 
force  between  the  corpuscles  to  be  e'/^. 


sin'  &  = 


-jT^ 


MM.  \ 


If  M,  m'  are  the  velocities  of  B  parallel  to  x  before  and  after 
collision. 


"-'  =  --, 


(see  Maxwell,  Dt/»amimt  Theory  of  Gases,  page  36),  where  <f>  is 
the  angle  between  the  plane  containing  b  and  V  and  that 
containing  V  and  x :  averaging,  the  term  containing  cos  ^  will 
r  and  we  have 


J/,» 


'»r+lr,,  ,  b-V-r  M,U. 


••(  M.M,  V 


If  there  are  N  of  the  inter-atomic  corpuscles  per  unit  volume, 
the  number  of  collisions  in  which  b  is  between  b  and  b  +  db  moAn 
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irpuscle  B  when  it  travels  over  a  distance  Ax  is  NAxitrhdb. 

£nce  if  Alt  is  the  change  in  the  velocity  of  the  B  corpuscle  in  Ar., 

i-nidh 


4(u) 2,d{Ax 


M,       /•'■ 2; 


—  (1). 


I 


where  fc,  is  determined  hy  the  condition  that  our  expresaions 
only  apply  when  the  corpuscle  B  comes  into  collision  with 
.the  A  corpuscles  one  at  a  time,  so  that  the  shortest  distance 
Itetween  A  and  B  must  be  considerably  leas  than  a,  the  distance 
between  two  corpuscles  in  the  atom. 

If  r  IS  the  least  distance  between  the  fixed  and  moWng  cor- 
poscles.  we  can  easily  show  that 

1  _  ^  _  ^  ^+  M.. 
r>-  Vr    M'M    ' 


Thus  putting  r 


=  a,  we  see  that  6,  is  of  the  order 


Integrating  equation  (1)  we  get 


Since  the  logarithmic  term  only  varies  slowly  we  may  put  for  6, 
■  tiuantity  of  the  same  order  without  greatly  affecting  the 
ult;  putting 


Thus,  neglecting  the  loss  of  kinetic  energy  of  the  corpuscles, 
>  number  of  corpuscles  crossing  unit  area  in  unit  time  varies 
i  e~**  where 

iTl^.e'(M,  +  M,),     faV*    M,M^         \ 

•  coefficient  of  absorption  measured  in  exY^nmnu^a  ViVfe 
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those  of  Seita  find  Becker  when  the  charge  carried  by  eorpuscl« 
coming  through  layers  of  different  thicknesses  of  various  metds  is 
measured.  This  expression  only  applies  when  the  velocity  of  the 
corpuscle  is  so  great  that  the  corpuscle  is  able  to  penetrate  the 
atom  and  come  into  the  neighbourhood  of  the  corpuscles  inside 
the  atom;  if  thu  v(;iocity  of  the  corpuscle  is  small  it  will  be  turaai 
back  almost  ss  sonn  as  it  enters  the  atom,  in  this  case  the  collisions 
are  between  corpuscles  and  at-<.^ms  and  not  between  the  raoving 
corpuscle  and  the  ii  ss  in  the  atom ;  the  value  of 

X  should  be  now  ei^i  I  is  the  mean  free  path  nf  s 

very  small   body  mi  he  atoms   of  the  absorbing 

substance ;  if  the  la  |^i,  the  mean  free  path  of  its 

molecules,  t=  4v'2i,, 

190.     Let  us  now  ;ct  produced  on  the  energy  of 

the  corpuscles  by  thi  ling  the  notation  of  the  last 

paragraph  we  CiVTi  ea  T  is  the  kinetic  energy  of »  J 

corpuscle  befi.ue  the  ei  .,  e  increase  in  /■  produced  by  ^ 

the  wllision,  then  on  the  average 

4M,M,T     .  ,. 


BT  = 


;vnd  hence  if  AT"  is  the  average  change  in  T  when  the  corpuscle 
moves  through  a  distance  iic, 

iM,M,T  irjy.e'(Jf,  +  j;,)' 

,     (,     b,'V  /  M,M,  y)  . 

e 

-  -  J.  saj. 

Thus  T  instead  of  diminishing  accoixiing  to  the  exponential 
law  will  be  given  by  an  equation  of  the  form 

J'.'-r.'-2/3», 
if  we  neglect  the  variations  in  the  logarithmic  term  which  occura 
in  «8.    This  relation  is  obtained  on  the  supposition  that  the 
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relocities  of  the  corpuscles  are  suflBciently  great  to  carry  them  into 
;he  interior  of  the  atom ;  for  small  velocities  we  can  easily  show 
ihat  _ 

da:         {M.^-M^f     3r 

ivhere  I  is  the  quantity  defined  on  page  378  and  M^  is  the  mass  of 
i  molecule  of  the  gas :  as  i/s  is  small  compared  with  Mi  we  may 
wrrite  this  equation  in  the  form 

dx         SM^l' 

8  M 
50  that  T  will  vary  as  €~*^  where  /i  =  «  -=^  • 

♦^  Mil 

191.  There  are  thus  very  marked  differences  between  the 
effects  of  the  absorbing  medium  on  the  'absorption'  due  to 
lififiision  and  on  the  absorption  of  the  energy.  The  former 
follows  the  exponential  law,  the  latter  does  not.  Again  the 
coefficient  X  which  measures  the  dififusive  absorption  does  not 
irary  nearly  so  rapidly  with  Mi,  the  efifective  mass  of  the  corpuscle 
^vith  which  the  cathode  ray  comes  into  collision,  as  does  ^  the 
quantity  measuring  the  absorption  of  the  kinetic  energy  of  the 
rays ;  the  latter  is  inversely  proportional  to  Mi  while  the  former 
is  only  diminished  by  one-half  when  Mi  increases  firom  M2  to 
infinity.  We  should  expect  from  this  that  the  absorption  of  the 
kinetic  energy  should  depend  much  more  on  the  structure  of  the 
itom  of  the  absorbing  medium  than  the  absorption  due  to 
iifiusion. 

192.  We  can  express  the  value  of  X  in  terms  of  P,  the  number 
Df  corpuscles  in  an  atom  of  the  absorbing  substance,  for  if  8  is  the 
density  of  the  substance,  m  the  mass  of  an  atom,  PS  =  Nm  and 
equation  (2)  becomes 

4^7rSP  ^  Mi  +  M,       faV^   MiM,         \ 
^'  mV*  M,''     Ml       ^^le-    Mi^M,'^)' 

putting  e/J[fa  =  l•7xlO^Fo,  6  =  3*5x10^  and  e/m  =  10^Vo/w, 
where  Vq  is  the  velocity  of  light  and  w  the  atomic  weight  of  the 
ibsorbing  substance,  we  get 

X     47rPVo\^,.^^^^,Mi  +  M,,      /aV    MiM, 


to 


Ml        ^\  e^    M,  +  if  2       / 
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>er  of  corpuscles  in  an  atom  is  a  quantity  of  the  same  order 
e  atomic  weight. 

93.  The  expression  for  X  is  inversely  proportional  to  the 
h  power  of  the  velocity  and  thus  diminishes  very  rapidly  as 
velocity  increases— ^the  penetration  of  the  rays  increases  with 
b  rapidity  with  the  velocity.  This  result  is  amply  confirmed 
xperiment,  as  the  following  results  given  by  Lenard*  show. 


A  for  the  f oUowins  guea  at  a  presaure 

itjof  oorpoKles 
ened  aa  due  to 

Velocity  of  oorpuadee 
expreeeedMa 

of  1  mm.  of  mercory 

fraction  of  tne 

1 

VOltB 

▼elodty  of  Ughi 
1/270 

Hydrogen 

Air 

Argon 

Carbonic 
add 

6 

44 

30 

28            34 

30 

1/120 

14-6 

27 

26            32 

100 

1/70 

6-01 

21 

20 

28 

1000 

1/20 

1-2 

3-9 

4-2 

7 

lOOOO 

1/10 

019 

0-85 

1-3 

2 

JOOOO? 

1/3? 

0-00062 

0-006 

— 

0-0067 

1 

0-0000006 

0-000009 

0-00001 

0-00001 

b  will  be  seen  that  for  the  more  rapidly  moving  corpuscles  the 
•ption  diminishes  very  rapidly  as  the  velocity  increases,  while 
he  slower  corpuscles  it  varies  but  slowly  with  the  velocity ; 
is  in  accordance  with  the  considerations  given  above,  and 
3  fix)m  the  slower  corpuscles  not  being  able  to  penetrate  into 
atom.  It  is  remarkable  that  hydrogen,  which  absorbs  the 
cer  rays  less  than  any  of  the  other  gases,  has  the  greatest 
rption  for  the  slowest  rays.  The  absorption  of  hydrogen  for 
slowest  rays  is  greater  than  we  should  have  anticipated,  for 
mean  fi-ee  path  of  a  hydrogen  molecule  moving  through 
ogen  at  the  pressure  of  1  mm.  of  mercury  is 

760  X  2  X  10-*  cm. : 

te  I  the  mean  fi-ee  path  of  a  corpuscle  moving,  as  do  the 
est  of  those  given  in  the  table,  with  a  velocity  large  compared 
I  the  mean  velocity  of  a  hydrogen  molecule,  is 

4  V2  X  760  X  10-*  cm.  or  42  x  10^^ 

have  seen  that  the  value  of  X  for  the  slow  corpuscles  is  2/3/, 

*  Lenanl,  Annalen  der  Phy9ik,  xii.  p.  732,  100^. 
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t>.  about  16,  the  ralae  given  by  LeDord  is  44.     The  \'^u^  of  !/3l 
for  air,  argoo,  and  CO,  are  respectively  32,  31,  46. 

The  absorption  of  the  rara  by  air,  argon,  and  carbonic  acid  i* 
about  what  we  shoald  eipect  if  we  suppose  that  the  charge  on  the 
corpuscle  does  not  influence  its  free  path:  the  absorption  by 
hydrogen  is  however  considerably  greater  than  the  value  got  on 
this  supposition,  suggesting  that  the  force  between  the  hydrogen 
molecule  and  the  charge  on  the  corpuscle  is  sufficient  t*)  make  the 
free  path  of  the  charged  corpuscle  considerably  smaller  than  tlw! 
of  an  uncharged  body  of  the  same  size :  we  shall  see  that  Hi* 
absorption  of  hydrogen  is  anomalous  with  rapidly  moving  corpuscles 
as  well  as  with  sl"W  ones. 

Seitz*  has  made  a  series  of  determinations  of  the  number  of 
corpuscles  passing  through  thin  layers  of  metal,  for  corpuscles 
mo^-ing  with  different  velocities;  his  residts,  which  do  not  seem 
to  have  been  corrected  for  the  reflection  of  corpuscle*  at  the 
surface  of  the  layers,  indicat-e  a  coefficient  of  absorption  varying 
inversely  as  a  V'—6F*  where  F'istheinitia!  velocity  of  the  corpuscle 
and  a  and  6  are  constants. 


Connection  between  the  coefficient  of  absorption  and  the  density 
of  the  absorbing  substance. 

194.  For  rapidly  moving  corpuscles  the  coefficient  of  absorb 
tion  is  roughly  proportional  to  the  density.  This  was  first  sho*^' 
by  Lenardf  for  rapidly  moving  cathode  rays,  emerging  from  tt^ 
discharge  tube  through  a  thin  aluminium  window — the  rays  ha^ 
a  velocity  corresponding  to  that  given  to  the  charge  on  a  corpusc^ 
through  a  fall  of  potential  of  about  30,000  volts.  Lenard  estimate-  -^ 
the  intensity  of  the  rays  by  the  luminosity  they  produced  on  . 
phosphorescent  screen,  so  that  the  coefficient  of  absorption  h'  J 
measured  was  that  corresponding  to  the  change  in  the  energ;^^ 
carried  by  the  rays  through  unit  area  in  unit  time,  and  not  mereliC 
the  change  in  the  number  of  corpuscles  passing  through  this  area-- 

Lenard's  results  are  given  in  the  following  table,  where  \  is  th^ 
coefficient  of  absorption  and  d  the  density  of  the  absorbing  substance 

'  SeiU,  Aim.  der  Phy:  liL  p.  860,  1903. 
t  Lenud,  Wied.  Ann.  Ivi.  p.  3M,  1896. 
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Substance 

X  cm.-' 

d  gr./cm.' 

X/d 

Hydrogen  at  3  mm.  pressure   

Air  at '78  mm.  pressure    

Hydrogen  at  760  mm.  pressure   . . . 
Air             „        „              „ 

Couodium    

•00149 
•00416 
•476 
3-42 
8^51 
3310 
2690 
7810 
7150 
7260 
23800 
32200 
55600 

3^6x10-7 

l-2xlO-« 

8-5xl0-» 

1-2  x  10-5 

2-7xlO-» 

11 

1-30 

2-47 

2-70 

280 

8-90 

105 

19-3 

4040 
3330 
5610 
2780 
3110 
3010 
2070 
3160 
2650 
2590 
2670 
3070 
2880 

Paper   

Olaas 

Aluminium 

Mica 

Dutch  metal    

SUver    

Gold 

Thus  though  the  density  of  the  lightest  substance  is  but 
one  fifty-millionth  of  that  of  the  heaviest,  the  values  of  X/d 
only  range  fix)m  2070  to  5610.  Hydrogen  shows  an  abnormally 
high  absorption ;  if  we  leave  out  this  gas  the  range  in  X/d  is  only 
from  2070  to  3330.  Thus  X/d  varies  verj'  little ;  the  diflferences  in 
the  values  of  this  quantity  for  different  substances  seem  however 
to  be  real  and  would  repay  further  investigation  from  the  light 
they  might  be  expected  to  throw  on  the  structure  of  the  atom. 


Substance 

X  cm."^ 

d 

X/d 

Platinum 

157-6 

21-5 

7  34 

Lead     

62-5 

11-4 

5-48 

Silver  

65-7 

10-6 

6-20 

Copper 

49-2 

8-95 

5-60 

Iron : 

52-2 

7-76 

6-74 

Tin  

51-2 

7-3 

701 

Zinc 

40-3 

72 

5-58 

Mica 

10-8 

2-74 

3-94 

Glass    

12-5 

2-73 

4-58 

Alumini  um 

11-6 
5-45 

2-7 
1-36 

4^30 
401 

CeUuloid 

Ebonite   

4-77 

1-14 

4-18 

Caid 

3^84 

10 

3-84 

Sulphur-dioxide . . . 

•0413 

•0078 

5-45 

Strutt*  has  measured  the  coefficient  of  absorption  of  the  much 
more  rapidly  moving  corpuscles  given  out  by  radium,  measuring 
the  intensity  of  the  stream  of  corpuscles  by  the  ionisation  they 

♦  Hon.  R.  J.  Strutt,  Nature,  Ixi.  p.  639,  1900. 


■— rf  iy  mt  aq  in  mtiiT  feenmand 


1  ^  |L  VO  ftr  the  Aorposda 

HSi^^  ne  inleuaity  oT 
Mm  A^  |w«d»ued  90  that 
>  aac  knd  ■■  Art  obbuned 


»  lli     f    llfatbr 


kii.k's  Rsohc  ^  the  n^ 
ig  wish  ifctBc  obtained  faf 
If  3tntt  far  Uw  ndimii  t^ 


The  TvuDon$  in  X  <j  u«  analler  for  the  rajs  from  sctiniuDi 
ihui  Km-  iboev  from  omiiam  <tr  radiam,  and  indicate  that  the 
pn>p>>mi>a  b«nie«D  the  ahsorptioa  of  differcDt  stibetaoces  depends 
upon  the  Telocity  of  the  r»TS. 

Ciowther  has  recently  measured  at  the  Cavendish  I^boratoiy 
the  values  of  X  2>  for  a  cmisideiable  number  of  elemaitaiy  sub- 
stances using  the  0  ra\'s  given  out  by  ut&ninnL  The  results  are 
shown  in  Fig.  93,  the  elements  being  arranged  in  the  groups 
indicated  by  the  periodic  law.  It  will  be  noticed  that  the  values 
of  X/D  of  the  elements  in  the  different  groups  show  similar 
variations  with  increase  of  atomic  weight  The  elements  at  the 
•  Orftewiki,  PUL  Mag.  [6]  x.  p.  875,  190B. 
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)egiiming  of  a  group  have  smaller  values  of  XjD  than  the  elements 
it  the  end  of  the  preceding  group,  the  values  in  the  group  increase 
¥ith  the  atomic  weight  and  do  so  with  exceptionied  rapidity  at  the 
md  of  the  group. 


Fig.  98. 

If  we  suppose  the  absorption  produced  by  each  atom  to  be 
maffected  by  the  presence  of  neighbouring  atoms,  then  we  can 
ihow  that  XjD  is  equal  to  X'/^  where  X'  is  the  absorption  due  to 
me  atom  and  mi  the  mass  of  the  atom.  For  if  JV  is  the  number 
)f  atoms  in  a  plate  of  unit  area  and  unit  thickness 

X  =  JVX',  and  2)  =  iVmi, 


lence 


X 
D 


If  we  have  a  mixture  or  chemical  compound  of  two  elements 
4  and  B,  and  if  X^^  is  the  value  of  X  for  the  mixture,  (K/D)^,  (X/i))^ 
.he  values  of  X/D  for  A  and  B  when  separated,  X^',  X^  the  absorp- 
ions  due  to  an  atom  of  A  and  B  respectively,  Ni,  N^  the  numbers 
)f  atoms  of  A  and  ^  in  a  plate  of  unit  area  and  unit  thickness : 
ihen 

X^B  =  ^i'>^A  +  -^iV  =  N^m^  (X/D)^  +  N,m^  (X/D)^,, 

T.  O.  ^^ 
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where  ■■,  «»d  m,  are  the  masses  of  the  alonis  of  A  and  B;  HD'a 
the  densinr  {>f  the  mixture. 

henctf 

where  it,.  .V,  ;kre  the  masses  of  A  and  B  respectively  in  unit 
vxilume.  (hus  iX  i>i  is  an  additive  property ;  this  result  has  been 
veiifiiHl  by  Oiviirth  o  find  the  value  of  (klD)  for 

suhetaoces  which  c  in  the  free  state. 

per   unit   area   of  plates  of 


the  charge  carried  by  liit 
J  through  them  to  the  same 
a  metal  plate  connected  wth 
free  from  ambiguity  a?  the 
be  influenced  by  reflection 
lot  giving  up  their  chargwi 
■pend   upon   the   velocity  of 


Seiti*  has  me 
ditlFerenl  sub^itance 
^  ntys  froit]  radian 
extent.  The  ehargi 
an  electronieier.  tb 
charge  rvveived  by 
fr^m  the  plate,  the 
the   amount    of   rvflCTrtn.i. 

the  nijx  and  since  the  law  of  absorption  of  the  velocity  of 
thi-  ^  jwrticle  is  not  the  same  as  that  of  the  number  of  the 
ivirticles,  the  equality  of  the  charge  given  to  the  electromeW 
would  not.  unless  the  effect  of  reflection  were  allowed  for,  nec«s- 
siirily  irnjily  that  the  plate  connected  with  the  electrometer  ** 
struck  by  thi>  s;»me  number  of  y9  particles.  Seitz's  results  are  giv^ 
in  the  following  table. 


Mu»  of  aait  ai«*  of 
plate  of  unit  mass 

■ 

Mass  of  QDit  am  '^ 
plats  of  ■Dbataoe^' 
producing  Mine 

ataorptiin  a.  a  H«^ 
plate  of  Doit  mu^" 

0745 

0-83 
0-84 

1 
1 
1-887 

1258 
1-29 
1-34 

AlumtDium 
.  Gypsum  ... 
!  Paper    

Mica 

Water    

Paraffin 

Ebonite 

:  Carbon  (gas- 
coke) 

1-56 
1-57 
1-57 
1-57 
1-66 
1-69 
1-73 

1-86 

Platintim 

Tin  

Silver 

Dutch  meUl  

40"/,  silver  Ultra  to 

solution 

Steel 

Sulphur  

*  Beiti,  Phy:  ZtiUch.  v.  p.  39S,  1904. 
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Becker*  has  recently  measured  the  coefficients  of  absorption 
corresponding  to  the  diminution  in  the  number  of  particles  passing 
through  unit  area  in  unit  time,  for  cathode  rays  produced  by  an 
induction  coil,  and  having  a  velocity  corresponding  to  that  of  a 
potential  fall  of  about  35,000  volts.  The  results  for  gases  are 
given  in  the  following  table,  X.  is  the  coefficient  of  absorption  of 
the  gas  at  a  pressure  of  1  mm.  of  Hg,  D  the  density  of  the  gas. 


Gas                  i               X 

i 
1 

X/D 

Helium    

Argon 

Oxygen    

Air  

Carbonic  acid 

•000292 

•00314 

•00285 

•00278 

•00423 

•00662 

•00278 

•00330 

•00219 

•00230 

•000337 

1243 
1412 
1613 
1730 
1730 
1747 
1781 
2117 
2302 
2486 
2990 

Sulphur-dioxide 

Nitrogen 

Ethylene 

Ammonia    

Marsh  gas   

Hydrogen    

The  values  of  XjD  for  the  inert  monatomic  gases  are  distinctly 
less  than  for  the  other  gases,  while  for  hydrogen  and  gases  con- 
taining hydrogen  they  are  decidedly  higher.  The  values  of  X  make 
us  suspect  another  anomaly  in  the  behaviour  of  hydrogen ;  for  since 
the  absorption  of  the  rays  is  an  atomic  property  the  value  of  X 
for  a  compound  should,  if  no  change  takes  place  in  the  atom  when 
it  enters  into  chemical  combination,  be  calculable  from  the  values 
of  X  for  the  constituents  of  the  compound ;  applying  this  rule  we 
can  from  the  values  of  X  for  nitrogen  and  ammonia  calculate  the 
value  of  X  for  H,,  we  can  also  calculate  this  value  from  the 
absorptions  of  CH^,  C2H4,  if  we  do  this  we  get  the  following  values 
for  X  for  hydrogen : 

from  NH,  and  N,  X  =  00053, 
from  CH4  and  C2H4  X  =  00065, 
from  Ha  itself  X  =  00033. 

There  are  thus  considerable  discrepancies  in  the  absorption  of 
hydrogen  as  determined  by  these  diflTerent  methods,  and  though 
we  could  not  expect  any  very  close  agreement,  since  the  absorption 

*  Becker,  Ann.  der  Phyi.  xvii.  p.  381,  1905. 
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due  to  the  hyrlmgen  in  the  compounds  is  not  large,  the  (ii»- 
crepancy  seems  greater  than  can  be  explained  by  errors  of 
experiment,  fur  the  differences  in  the  values  of  \jD  for  mt  (Jm, 
determined  by  experiments  made  over  a  considerable  rai^  tJ 
pressure,  wert-  much  smaller  in  Becker's  experiments  than  we 
should  expect  if  the  variations  in  the  value  of  \  for  hydrogto  in 
its  different  cuuibi nations  were  due  1m  errors  in  the  experimenta 

The  expression  lor  the  diminution  in  the  number  of  corpnsclfs 
crossing  unit   urea  fen  on   page    376   indicates     I 

that  variations   in  D   with   the   nature  of  the 

atom   may    arist'  from  variations  in  M,  the 

effective  ma^  of  a  in  atom,  (2)  from  variations 

in  the   logarithmic  olves  a   the   mean  distance     , 

between    thf   corp'  m  as   well   as   the   velocity     | 

of  the  corpuscles.  in  X/0  arose  entirely  from 

(1)  the  ratio  of  tht  fferent  substances  should  be 

independent  of  the  rpuscles;  a  reference  to  tie     ^ 

results  given   un  p^.  show  that   this   is   not  the 

Ciise,  hence  we  conclude  that  a  considerable  portion  of  the 
variation  of  X  must  arise  from  variations  in  the  mean  distances 
between  the  corpuscles. 

196.  Absorption  of  Kinetic  Energy  of  the  Corpuecks.  It  is 
important  tu  separate  the  diminution  in  the  kinetic  energy  of  the 
corpuscles  from  the  scattering  of  the  particles  due  to  the  deflection 
of  their  paths,  as  the  two  are  not  necessarily  proportional  to  each 
other ;  indeed  we  might  easily  have  scattering  without  any  diminu- 
tion in  kinetic  energy.  The  results  given  on  page  378  show  that 
the  diminution  in  the  kinetic  energy  varies  much  more  rapidly 
with  the  mass  of  the  particle  against  which  the  moving  corpuscle 
collides  than  does  the  scattering,  hence  we  should  expect  that  the 
coefficients  which  represent  the  diminution  in  kinetic  energy 
would  depart  far  more  from  the  density  law  than  do  the  coefficients 
which  represent  the  scattering.  We  have  not  enough  determina- 
tions of  the  absorption  coefficients  for  the  kinetic  energy  to 
determine  whether  they  obey  the  density  law  or  not;  that  there  ia 
a  diminution  in  the  kinetic  energy  has  been  shown  by  Leithauser* 
who  measured  the  magnetic  deflection  of  cathode  rays  before  and 
afWr  their  passage  through  thin  aluminium  films — these  t 
'  LeithaiiMr,  Ana.  der  Pkytik,  tw.  p.  368,  ItKM. 
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ments  showed  (1)  that  a  pencil  of  cathode  rays  which  were 
homogeneous  before  passage  through  the  film  were  no  longer  so 
when  they  emerged  firom  it,  but  consisted  of  rays  possessing 
velocities  over  a  considerable  range,  (2)  that  these  velocities  were 
all  less  than  the  velocity  of  the  rays  before  entering  the  film. 
This  is  what  we  should  expect  from  the  theory  of  collisions ;  the 
corpuscles  when  passing  through  the  film  will  not  all  make  the 
same  kind  or  number  of  collisions,  so  that  when  they  emerge  their 
velocities  will  be  grouped  about  a  mean,  somewhat  like  the  distribu- 
tion of  molecular  velocities  according  to  Maxwell's  law,  there  being 
however  none  with  a  velocity  greater  than  the  initial  velocity  of 
the  corpuscle.  The  distribution  of  corpuscles  about  a  mean  is 
shown  in  Figs.  94  a  and  b  taken  from  Leithauser's  paper;  the 
ordinates  represent  the  number  of  corpuscles  possessing  a  velocity 
represented  by  the  abscissae.  Figs.  94,  a  and  6,  correspond  to  the 
cases  when  the  initial  velocities  of  the  corpuscle  were  respectively 
6-4  X  lO*  cm./8ec.  and  7*84  x  10^  cm./sec.  It  will  be  seen  that  the 
emergent  pencil  is  much  more  homogeneous  with  the  quick  cor- 
puscles than  with  the  slow  ones. 


Fig.  94  a. 


Fig.  94  6. 


The  loss  of  velocity  was  much  less  with  the  quick  corpuscles 
than  with  the  slow  ones.  When  the  initial  velocity  was  7*84  x  10^ 
the  velocity  after  passing  through  an  aluminium  film  00018  cm. 
thick  was  7*73  x  10®;  this  makes  the  coefficient  of  absorption  of 
the  velocity  77 ;  as  this  is  much  smaller  than  the  '  scattering 
coefficient '  of  aluminium  for  rays  of  the  same  velocity,  it  indicates 
that  the  greater  part  of  the  absorption  of  cathode  rays  is  due  to 
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scattering  and  not  to  loss  of  velocity.  Des  Coudres'  h»s  aim 
measured  tht-  dimiDution  in  velocity  which  occurs  when  rays  pass 
through  thill  tiluis  of  m«tal,  he  found  that  the  rays  which  emerged 
obliquely  had  smaller  velocities  than  those  emerging  nurmallj. 

Sejlection  of  cathode  rat/s  and  ff  particles. 

196.  When  rapidly  moving  corpuscles  strike  a^inst  the  sutixe  I 
of  either  a  fcndiici™-  <"■  »"  iniiilat^r^  streams  of  corpuscles  storl  ' 
from   the  8urf;icf  i  lese  are  often  spoken  of  as     I 

' diffusely  rtfli-cttd  '  remember  that  this  diffusely 

reflected  strfnin  mi  ys,  it  may  consist  in  part  of 

corpuscles  vihich  Wv  the  aurfece  and  which  have 

had  their  mutiim  re  la  with  the  molecules  of  tbe 

reflector,  anothcT  p,  Jue  to  corpuscles  which  are 

emitted   by    ni'jlecii  ar  under  the  action  of  tie 

incident  rajs ;  it  is  :  the  term  reflected  rays  to 

the  first  class,  and  U,  class  secondary  rays.     The 

secondary  rays  are  anam^m^  in. ^  emitted  by  a  metallic  sur- 
face when  exposed  to  ultra-violet  light.  To  distinguish  between 
reflected  and  secondary  rays  it  is  necessaiy  to  take  some  propertj' 
such  as  the  velocity  of  the  rays  or  their  penetrating  power  and  see 
whether  the  magnitude  of  this  is  of  the  same  order  in  the  raj's 
coming  from  the  plate  as  in  those  striking  against  it ;  if  the  two 
are  of  quite  different  orders  we  infer  that  the  rays  are  secondaty. 

The  diff"usc  reflection  of  the  ^  rays  emitted  by  radio-active 
substances  was  studied  by  Becquerel+  who  used  the  photographic 
method;  it  has  also  been  investigated  by  EveJ  and  McClelland^, 
who  used  the  ionisation  method.  The  existence  of  these  diffusely 
returned  rays  can  be  easily  demonstrated  by  an  arrangement  like 
that  represented  in  Fig.  95.  The  radio-active  substance  is  placed 
at  R  and  screened  from  the  electroscope  by  a  thick  lead  plate,  so 
that  when  the  reflecting  plate  M  is  removed  there  is  only  a  slow 
leak  in  the  electroscope  due  to  the  y  rays  fi-om  the  radio-active 
substances  which  have  passed  through  the  lead  screen.  When  the 
reflecting  surface  M  is  placed  in  the  way  of  the  rays  from  R  the 

•  Des  Coudrea,  Phyi.  Zeiuch,  iv.  p.  140,  1902. 

t  Becquerel,  C.R.  cixiii.  pp.  371,  374,  1-286,  19O0. 

:  Eve,  Phil.  Mag.  [6],  vui.  p.  669.  1904. 

g  MoClellftDd,  Tratu.  Bogal  Dublin  Soe.  Ttii.  p.  169,  1906 ;  iz.  p.  I,  190S. 
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rate  of  leak  of  the  electroscope  is  greatly  increased ;  that  the  rays 
producing  this  leak  are  mainly  due  to  the  13  rays  from  R  and  not 


Fig.  96. 

to  the  7  rays  can  be  shown  by  placing  in  the  path  of  the 
incident  rays  a  sheet  of  lead  thick  enough  to  absorb  the  13  rays  but 
not  thick  enough  to  absorb  an  appreciable  amount  of  the  more 
penetrating  y  rays ;  when  this  is  done  the  rate  of  leak  from  the 
electroscope  is  reduced  by  about  80  per  cent.  The  amount  of  this 
returned  radiation  does  not  vary  much  with  the  state  of  the 
surface  of  M ;  it  is  about  the  same  for  iron  as  for  iron  filings  and 
for  ice  as  for  water.  As  might  be  expected  some  of  these  returned 
rays  start  firom  some  little  depth  below  the  surface,  and  their 
number  increases  with  the  thickness  of  M  until  this  thickness  is 
a  few  millimetres  when  the  number  becomes  practically  constant. 

The  relative  amounts  of  these  returned  rays  from  various 
reflectors  and  the  absorption  coefficient  of  these  rays  when  they 
pass  through  aluminium  are  given  in  the  following  table  (p.  392) 
taken  from  Eve's  paper. 

The  primary  /8  rays  are  not  homogeneous,  the  mean  value 
of  X  for  aluminium  for  these  rays  is  about  14,  thus  with  the 
exception  of  the  rays  from  granite,  brick,  and  cement  the  pene- 
trating power  of  the  reflected  rays  is  less  than  that  of  the  incident 
ones,  though  the  difference  is  hardly  great  enough  to  warrant  us 
to  come  to  a  decision  as  to  whether  these  rays  are  reflected  or 
secondary.  McClelland  found  the  coefficient  of  absorption  of  the 
reflected  rays  from  lead  to  be  the  same  as  for  the  primary. 


A  strong  n?ason  for  belieriog  the  rays  coming  from  tt 
reflecting  pUte  to  be  secoodaiy  rather  thaa  reflected,  is  that 
would  appe&T  b\>m  Eve's  experimeots  that  the  character  of  tl 
diSusely  returned  ravB  produced  by  the  7  lays  is  much  the  san 
as  that  of  the  rays  produced  by  the  /9  rays.  In  the  case  of  tbe 
rays  there  can  be  do  question  of  reflection,  for  tbe  properties  of  tl 
incident  and  returned  rays  are  quite  distinct.  The  incident  ra 
are  ver\*  penetrating  and  are  not  deflected  by  a  magnet,  whi 
the  returned  rays  are  easily  absorbed  and  easily  deflected.  It 
seems  to  be  the  case,  the  returned  rays  produced  by  the  /9  rays  s 
of  the  same  character  as  those  produced  by  the  7,  the  argument 
the  rays  being  secondary  rather  than  reflected  seems  very  strong, 
isperhapssurprisingthat  if  the  rays  are  secondary  the  quality  oft 
rays  emitted  by  different  substances  should  not  differ  more  widi 
than  Eve's  experiments  indicate ;  this  however  caimot  be  coneadei 
as  at  all  conclusive  against  tbe  secondary  nature  of  this  radiati 
as  the  same  uniformity  of  properties  apparently  exists  when  1 
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ae  are  used,  and  in  this  case  the  returned  radiation  is 
jondary.  The  variation,  if  any,  of  the  quality  of  the 
adiation  with  the  nature  of  the  source  of  the  incident 
n  is  one  well  worthy  of  attention,  as  in  all  the  experi- 
lerto  made  radium  bromide  in  radio-active  equilibrium 
iseA 

land  has  made  an  extensive  series  of  observations  on  the 
nounts  of  the  diflfusively  returned  radiation  produced  by 
led  action  of  the  jS  and  7  rays  from  i-adium-bromide  on 
mt  chemical  elements.  His  results  are  given  in  the 
table,  the  third  column  gives  the  relative  amounts  of 
radiation  produced  by  an  incident  beam  of  constant 
p,  given  in  the  fourth  column,  is  the  ratio  of  the  energy 
)ndary  radiation  to  that  in  the  primary*. 


I. 

bfltanoe 

Atomio  weight 

ra. 

Secondaiy 
radiation 

IV. 
pxlOOO 

239-5 
208-5 
206-9 
200-3 
194-8 
184 
127 
120 
118-5 
112-4 
107-9 
96 
79-1 
75 
65-4 
63-6 
59 
58-7 
55-9 
521 
401 
39-1 
32-06 
31 
27-1 
24-4 
23-0 
12 

100 
97 
97 
96 
93 
88 
85-5 
85 
84 
82 
81 
78 
74 
73 
72 
71 
67 
67 
66 
63 
55 
54 
53-5 
53 
48 
43 
42 
29 

60-5 

49 

49 

48-6 

47 

44 

43 

42-5 

42-5 

41-5 

41 

39-5 

37 

36-5 

36-5 

36 

34 

34 

33 

31-5 

27-5 

27 

27 

26-5 

24 

21-5 

21-6 

16 

am  

1   

I    

IB 

oa 

n 

MeOlelland,  Trant,  Roy.  Iruh  Acad,  iz.  p.  9,  1906. 
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It  will  be  seen  that  the  order  for  the  amount  of  secundan 
radiation  ia  that  of  the  atomic  weights.  McClelland  has  pointtfl 
out  a  peculiarity  in  the  variation  of  this  radiation  with  the  atomic 
weight;  this  is  moat  easily  understood  if  we  represent  graphicallj 
the  relation  between  the  secondary  radiation  and  the  atomic  weight. 
Such  a  graph  is  shown  in  Fig.  96.     If  we  consider  the  eleraenls  in 
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one  of  Mendeleeff's  groups,  the  secondary  radiation  increases  more 
rapidly  with  the  atomic  weight  for  the  elements  at  the  beginning 
of  the  group  than  for  those  at  the  end.  We  have  seen  (see  p.  385) 
that  the  values  of  X/D  increase  more  rapidly  with  the  atomic 
weight  for  the  elements  at  the  end  of  a  group  than  for  those  at 
the  beginning.  This  difference  in  the  curves  might  have  been 
expected  as  increased  absorption  will  diminish  the  amount  of 
secondary  radiation  coming  from  the  plate. 

The  secondary  radiation  excited  by  radium  rays  is  thus  closely 
related  to  the  atomic  weight  and  therefore  to  the  chemical  pro- 
perties of  the  elements.  I  have  found  that  this  is  also  true  for 
the  secondary  radiation  excited  by  Eontgen  rays.  This  is  shown 
in  Fig.  97,  which  represents  the  results  of  determinations  which 
I  have  made  with  the  help  of  Mr  G,  W.  C.  Kaye  on  the  ionisation 
produced  by  the  secondary  rays  in  the  first  15  mm.  of  air  above 
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iE^nbstaiice  emitting  the  at-condarv  rays ;  these  rays  were  ex- 
cited by  bard   RHntgen  rays.     It  will  ht-  noticed  that  with  the  | 
i-xception  of  the  case  of  nickel,  increase  of  atonuc  weight  is  accom- 
[  paoieil  by  increased  ionisation.     And  also  that  at  certain  pointa  ] 
I  there  is  a  large  change  in  the  ionisation  for  a  small  change  in  the  | 
I  Rtotiiic  weight ;  these  points  occur  at  the  middle  of  the  groups 
nn>  which  the  elements  are  divided  by  the  periodic  law. 


Fig.  97. 

197.     Secondary  Radiation  from  Mixtures.    The  radiation  and 
^    atHor|)tion  of  the  radiation  is  im  atomic  property;  making  use  | 
"I    t-liis  principle  we  can  find  an  expression  for  the  secondary  radia 
*>  from  a  mixture  or  chemical  compound  of  two  substances,  A  and 
Litt  m  and  n  be  the  number  of  atoms  of  A  and  B  per  unit  J 
^^Mime,  bj  and  t,  the  secondary  rEidiation  from  an  atom  of  A  and   I 
Kwpcctively  for  the  absorption  of  unit  energy  of  t,h&  Y^^"*^^  I 
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radiation,  a,  l>.  the  absoqition  of  atoms  of  j4  and  B  for  the  primaiy 
radiation,  Oi,  h^  that  for  the  secoodary  radiation  from  A,  a,  and  b, 
that  &om  B. 

In  the  mixture  or  chemical  compound  the  absorption  per  unit 
volume  of  thi-  primary  radiation  will  be  ma  +  »iA,  so  that  if  /„  is  thu 
intensity  of  jn-iiJiary  radiation  travelling  parallel  to  the  axis  nf 
JF  and  incident  oti  a  slab  bounded  by  n  plane  face  perpendicular  t" 
the  axis  of  a\  tlie  intj^Tieit.u  nf  thi^  primary  radiation  at  a  depth 


X  inside  the  piat.' 
from  the  sulistani 
thicknese  Ax  is  i:^. 
the  plate  thv  latei 

If  the  slab  is  thiol 
from  the  plate  w 
X  from  zero  to  inh 


The  secoiidaty  radialioti 
this  radiation  in  a  layer  nf 
and  whan  this  omerges  friim 
to 

tion  of  the  A  kind  emerging 
y  integration  with  i 
nefbre  equal  to 


f"6,) 


Let  us  denoii 
made  entiri'h 


thus 


this  by  R'a'-   if  B^  is  the  radiati 
of  .1, 


(<i  +  a,)  +  n(b  +  b,y 


Ba  = 


»("  +  ".)fi^ 


a  +  a,)  +  n(b  +  b,)' 

econdary  raiiiation  from  S  coming  out 

n{6  +  i,)fii 


Similarly  if  l{„  is  the 
of  the  plate, 

^^"m(a  +  a^)  +  n{b  +  b,)' 
whore  Rg  is  the  secondary  radiation  from  a  pure  B  plate. 

These  expressions  for  the  secondary  radiation  take  a  rno^" 
simpler  form  when  the  absorption  of  the  radiation,  primair  ** 
well  as  secondary,  follows  Lenard's  law,  i.e.  is  proportional  to  ^"^ 
density  of  the  substance.  The  number  of  atoms  in  unit  voliU''f 
of  an  elementary  substance  is  equal  to  the  density  divided  '')' 
the  mass  of  an  atom,  hence  if  the  absorption  of  the  substance  i^ 
proportional  to  the  density  the  absorption  per  atom  must  be 
proportional  to  the  mass  of  the  atom.     If  Mi,  M,  are  the  maff^ 
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^^  the  atoms  of  A  and  B  respectively,  then  when  Lenard's  law 
*^ld8  we  may  put 

Substituting  these  values  we  find 

mMiRji 


Ra  = 


Rn  = 


or  if  qi  and  q^  are  respectively  the  masses  of  A  and  B  per  unit 
volume 

r>/         qi^A 
9i  +  9« 

D/      qaHs 

it  JJ  = . 

These  results  enable  us  to  calculate  the  secondary  radiation  from 
elements  which  can  only  be  obtained  in  the  combined  state. 

198.  Reflection  of  cathode  rays  produced  by  an  electric 
discharge.  When  these  cathode  rays,  which  are  very  much 
slower  than  those  produced  by  radio-active  substances,  strike  the 
sur&ce  of  either  a  conductor  or  an  insulator  secondary  cathode 
rays  start  fi-om  the  surface  in  all  directions ;  this  phenomenon  is 
generally  called  the  diffuse  reflection  of  the  cathode  rays:  we 
must  be  careful  however  to  remember  that  reflection  is  used  in 
a  different  sense  from  that  which  is  usual  in  optics,  where  for 
example  we  should  not  speak  of  the  phosphorescent  light  given 
out  by  such  a  substance  as  quinine  when  struck  by  ultra-violet 


Fig.  98. 

light  as  reflected  light;  in  the  case  of  the  cathode  rays  all  the 
cathode  rays  proceeding  from  a  surface  struck  by  cathode  rays 
are  called  reflected  rays.     The  existence   of  such  rays  is  easily 
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shown  by  an  experiment  due  to  Goldstein".  The  cathodt!  niv» 
irom  the  cithode  G  fai\  on  the  plate  A  which  can  be  iQtatvxl  \\\ 
a  handle  piis-sing  through  a  stuffing-box.  The  half  of  the  tabc 
AB  on  thf  illiiiiiiiiated  side  of  A  becomes  phosphorescent  from  ih'' 
cathode  rjiys  liitfiisely  reflected  from  A.  The  reflection  occur? 
even  when  thv  plate  dot 
cathode  rays. 


199.  Jli'ii-siireraents 
by  cathodf  rays  w. 
different  angles  c 
Swintonf,  by  Slai 
Swinton's  experimt 
ment  of  the  vanati 


.  not  itself  become  pha-sphorescent  under 

f  the  amount  of  '  reflection '  experieii«"i 
I  different  substances  and  at 
!  been  made  by  Campbtll 
;in  and  Starke§.  Campfaeli 
jr  their  object  the  i 
'  rays  at  v 


incidence  and  emergence, 

C  is  the  cathode ;  A  the  reflecting  surface,  a  flat  piece  of  platif\ 

which  could  be  rotated  about  its  axis ;  F  a  Faraday  cylinder  W*' 

*  Goldfltein,  Wied.  Ann.  iv.  p.  264,  1B83. 

+  CMopbell  Swinton,  Proc.  Roy.  Soc.  Ixiv.  p.  377,  18W. 

X  Starke,  Wied.  Ann.  Ixti.  p.  49,  18SB;  ^nn.  der  Pht/i.  a. 

%  Aaetin  and  Btarke,  Ann.  der  Phy:  ix.  p.  371,  1003. 
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wivoa  the  rays  emitted  by  the  surface ;  thia  could  be  set  so  that 
(  opening  made  any  required  angle  with  the  direction  of  the 
ddent  rays ;  the  charge  received  by  this  cylinder  was  taken  as 
measure  of  the  amount  of  reflection.  Campbell  Swintou 
me  to  the  concliisioD  thnt  although  the  'reflection'  was  very 
(  there  was  appreciably  more  in  the  direction  in  which  the 
vangle  of  emet^ence  was  equal  to  the  angle  of  incidence  than  in 
my  other  direction :  he  found  that  the  total  amount  of  emission 
I  slightly  greater  at  oblique  than  at  normal  incidence ;  he 
■  measured  also  the  charge  received  by  the  reflector  and  found 
ti^t  though  with  Dumial  incidence  it  received  a  large  negative 
■charge,  the  charge  diminished  as  the  incidence  became  more 
r  oblique,  vanished,  and  finally  with  very  oblique  incidence  became 
I  positive.  The  positive  charge  received  by  the  reflector  has  also 
I  leen  observed  by  Austin  and  Starke  (l.c.). 

Starke  determined  the  proportion  between  the  incident  and 
ceding  raya,  or  rather  the  ratio  of  the  negative  charge  acquired 
f-hy  the  reflector  to  that  carried  by  the  receding  rays. 

The  principle  of  the  method  used  by  Starke  is  a&  follows.    The 

I  cathode  rays  enter  through  a  hole  in  the  cylinder  and  strike  the 

J  teflector;  the  cylinder  and  reflector  are  each  connected  to  earth 

[  through    high- resistance    galvanometers ;    when   the   rays  strike 

^against  the  reflector  currents  pass  through  these  galvanometers; 

let  i,,i,  be  the  c\irrents  through  the  galvanometers  connected  with 

the  reflector  and  cylinder  respectively ;  let  JV  be  the  number  of 

eorpusclea  striking  the  reflector  in  nnit  time,  n  the  number  leaving 

it  in  the  same  time,  e  the  charge  on  a  coriniscle ;  then,  if  there  is 

Tio  ionisation  in  the  gas  of  the  cylinder,  no  escape  of  the  ivceding 

A,  , 


"^>vv 


'^y^  through  the  htile.  and  no  diffusion  of  the  incident  rays  in  the 

'*^*ider  causing  some  of  the  incident  rays  to  strike  thu  walls  of 

taH  ^^'JD'^'^  i'"?^^*''  /,'f  the_  reflector,  and  if  we  neglect  the  charge 

I  Rontgen  rays 
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excited  by  those  R^ntgen  rayu  proceeding  from  R.  the  plnc^  o! 
impact  of  the  cathode  rays,  we  have 
(JV-n)e  =  i,;   m 


If- 
hence  if  we  measure  t,  and  i,  v 
in  practice  some  corrections  ■ 
refer  to  Starkc'a  jmiwr  (InV  t 
metal;  thefnil.wit 


4 


e  can  (Ietftmmi«  the  ^-alue  of  njN; 
re   necessary,  for  which  we  m 
IP  vnlue  of  fi/JV  depends  npOD 
les  for  this  quantity; 


Metal 

I'enBil 

Pt  

Pb  

11-3 

Ag 

10-5 

i)V 

Ni  

Cu  

«-5 

Uetal 


Deositj 


■/N 


Thus  the  value  of  njN  increases  with  the  density  of  the  metal; 
the  numbers  given  above  are  roughly  proportional  to  the  square 
mot  of  the  density ;  we  see  that  even  for  the  lightest  metals  tbe 
iiiimbtr  of  coqmscles  receding  from  the  surface  is  as  much  as 
»)iie-q»iHter  of  the  number  of  those  approaching  it.  The  pre- 
ciiding  values  of  n/iV  are  when  the  incidence  of  the  cathode  raj's 
is  luinnal ;  in  this  case  Starke  found  that  njN  did  not  depend  upon 
the  v*4oeity  of  the  inciddut  rays.  This  result  can  only  be  approxi- 
mately true,  iitherwise  the  numbers  in  the  preceding  table  would 
apply  ti>  the  ;9  niys  which  are  just  rapidly  moving  cathode  rap; 
the  results  for  the  0  rays  are  however  quite  different.  It  is  note- 
worthy that  the  value  of  n/N  in  this  case  seems  to  be  determined 
by  tht!  density  and  not  by  the  atomic  weight  of  the  metal,  in  tbe 
case  of  the  0  rays  we  have  seen  that  the  rays  coming  from  the 
metal  are  detennined  by  the  atotnic  weight  and  not  by  tb^ 
density. 

200.     The  fact  observed  by  Campbell  Swinton  (U.)  that  wben 

the   incidence  is  very  oblique   the  reflector  acquires  a   positive 

instead  of  a  negative  charge,  has  been  carefully  studied  by  Austin 

and   Starke*,  who   have   measured   the   charge  received  hy  th« 

*  Anitin  uid  Starke,  .Inn.  der  Phyt.  ix.  p.  371, 1903. 
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;tor  for  cathode  rays  incident  at  variouB  angles;   they  find 

the  angle  of  incidence  at  which  the  charge  received  by  the 

lector  changes  from  —  to  -I-  depends  on  the  material  of  which 

reflector  is  made,  the  state  of  its  suriace  and  the  velocity  of 

rays.     With  denser  reflectors  the  change  from  —  to  +  takes 

at  a  smaller  angle  of  incidence  than  it  does  with  lighter 

.ors ;   and,  again,  the  smaller  the  velocity  of  the  rays  the 

Uer  the  critical  angle.     The  amount  of  influence  exerted  by 

the  nature  of  the  metal,  and  the  velocity  of  the  rays,  may  be 

illustrated  by  the  following  numbers  due  to  Austin  and  Starke. 

J^ith  a  platinum   reflector,  and  with  cathode  rays  produced  by 

potential  difference  of  9000  volts,  the  critical  angle  of  incidence 

IB  60° ;   with  a  copper  reflector,  and  a  potential  difference  of 

'00   volts,   the   critical   ajigle   was   80°,   and   with    a   potential 

fference  of  5000  volts,  70°.     The  positive  potential  to  which  the 

6ector  is  raised  never  exceeds  a  few  volts. 

201.  Since,  in  some  cases,  the  reflector  receives  a  positive 
ifiige  from  the  impact  of  the  negatively  electrified  corpuscles, 
ore  corpuscles  must  leave  the  surfece  than  airive  at  it;  it  follows 
lat  the  velocity  of  the  receding  corpuscles  must,  on  the  average, 
t  leas  than  that  of  the  approaching  ones,  otherwise  the  energy 
Bitted  by  the  reflector  would  be  greater  than  the  energy  re- 
ived. Another  reason  for  thinking  that  the  velocity  of  the 
eondary  rays  is  much  enialler  than  that  of  the  incident  is  that 
positive  potential  of  a  few  volts  is  sufficient  to  prevent  them 
Rving  the  surfece.  Measurements  of  the  velocity  of  the  'reflected' 
jfB.  by  means  of  the  deflection  they  experience  in  a  magnetic 
ad,  have  been  made  by  Merritt*,  Austin  and  Starke  (I.e.),  and 
4irckc+ ;  both  Merritt  and  Austin  and  Starke  came  to  the  con- 
iBion  that  the  velocity  of  the  reflected  rays  was  much  the  same 
that  of  the  incident;  Gehrcke,  howt-ver,  by  a  very  ingenious 
ithod  showed  that  among  the  '  reflected '  I'aya  there  were  a  large 
imber  whose  velocities  were  considerably  less  than  that  of  the 
incident  rays.  Qehrcke'a  method  la  represented  in  Fig,  101;  Ri 
tid  K,  are  two  cathodes  connected  together  and  with  the  negative 
jMile  »f  an  electrical  machine;  the  rays  from  K,  went  straight  from 
cathode  on  to  a  fluorescent  screen  FF',  while  those  from  A',  fell 

■  Uemlt,  Phyticat  Jievitiff.  vii.  p.  317.  ISSS. 
i  OehToke,  A»H.  dn  Phyt.  viii.  p.  81,  1902. 


■in  \  3iaaTU^«imi 


Fig.  lot. 


fiftld.     The  appearance  of  the  phoef^oreacence  on  the  acreen  be- 
ii)Tf.  and  after  the  magnetic  field  was  started  is  shown  in  Fig- 10^- 


y 


'I'lii*  iiiiilillc  patches  F,  F'  represent  the  phosphorescence  without 
(I  iiinKiuitic  field  due  to  the  direct  and  reflected  rays  respectively; 
till)  {Hitches  above  and  below  these  represent  the  phosphorescence 
whtiii  the   magnetic  field  was  on,  the  upper  and  lower  patches 
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to  fields  in  opposite  directions.  It  will  be  noticed 
'hile  the  patch  of  phosphorescence,  due  to  the  direct  rays, 
been  sensibly  broadened  by  the  magnetic  field,  the  narrow 
due  to  the  "reflected'  rays  has  become  a  broad  band,  showing 
of  Bonie  rays  much  more  easily  deflected,  and  there- 
Ing  more  slowly  than  the  incident  rays.  Since  one  of  the 
tries  of  the  reflected  patch  keeps  in  line  with  one  of  the 
patch,  there  must  be  some  of  the  reflected  rays  which  move 
pproxiraately  the  aame  velocity  as  the  incident  raj's, 
e  conclude  from  this  experiment  that  a  surface  struck  by 
rays  emits  secondary  rays  which  on  the  average  move 
slowly  than  the  primary  ones.  The  ratio  of  the  number 
tndary  to  the  number  of  primarj-  rays  is  greater  at  obtic|ue 
at  normal  incidence.  The  '  reflection '  of  cathode  rays  at 
irface  of  a  solid  seems  in  many  respects  analogous  to  the 
on  of  corpuscles  from  a  body  illuminated  by  ultra-violet 
The  corpuscles  in  the  primarj-  rays  penetrate  some  little 
s  below  the  snrftice.  ionising  the  molecules  against  which 
trike;  the  sccondarj'  corpuscles  produced  in  this  way,  and 
Mne  of  the  primary  ones  whose  motion  has  been  reversed 
collisions  they  have  made  with  the  molecules  of  the 
,  escape  from  the  reflector  and  form  the  reflected  cathode 
•hich  thus  consists  of  particles  originating  in  two  distinct 

path  of  a  corpuscle  which  strikes  the  reflector  obliquely 
nearer  the  siir&ce  than  if  it  strikes  the  reflector  normally, 

bus   the    coipnscles   liberated   by   it   will   have    a   shorter 
to  travel  before  reaching  the  surface  of  the  reflector  and 

log  from  it,  we  should  therefore  expect  the  oblique  rays 
luce  mure  reflected  rays. 

lard"  has  also  investigated  the  effects  of  the  incidence  of 
i  rays  on  metallic  surfaces.    The  rays  he  used  had  velocities 

>onding  to  a  potential  difl"erence  of  4000  volts  as  the  maxi- 

Rnd  his  results  diS'er  in  some  respects  from  those  obtained 
stin  and  Starke  who  used  rather  faster  rays.  Lenard 
lOt  detect  any  rays  coming  from  the  surface  with  velocities 
able   with   those   of  the   incident   rays,  but   he   obtained 

■  Lenard.  Jnn.  d^r  Phj/i.  iv.  p.  48E.  1904. 
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a  copious  supply  of  very  slow  socoudaiy  rays ;  the  velocity  of  these 
rays  corresponded  to  that  acquired  by  a  fall  through  a  potential 
difference  of  about  10  volts,  and  this  as  well  as  the  amount  of  the 
secondary  radiation  was  independent  of  the  angle  of  incidence  and 
of  the  state  of  polish  of  the  sur&Ke:  the  amount  of  secondary  radia- 
tion varied  with  the  nature  of  the  metal,  aluminiuoi  giving  tbe 
largest  supply  when  tested  by  the  brightnesa  of  the  phosphorescence 
produced  by  the  rays. 

Scaitering  of  the  gag  inside  the  tube. 

202.     Measuren  ing  of  cathode  rays  inside  the 

discharge  tube  hav  lufmaun*,  who  employed  tbe 

electncal  tnethod.  itial  differences  employed  was 

only  about  7500  voli  ity  of  the  rays  in  Kaufmanc's 

experiments  was  ve  i  in  those  of  Lenard  on  the 

absorption  of  these  principle  of  the  method  used 

by  Kaufrnnmi  was  i  er  a  bundle  of  rays  origioiJiy 

horizontal  passing  ihen  if  N,  is  the  number  uf 

corpuscles  crossing  a  vertica]  piajie  AB  in  unit  time,  the  numVr 
crossing  a  parallel  plane  CD  at  a  distance  x  from  A  B  will  be  N^'", 
where  b  is  by  definition  the  coefficient  of  absorption ;  if  e  is  the 
chaise  carried  by  a  corpuscle  the  quantity  of  negative  electricity 
entering  the  space  between  AB  and  CD  in  unit  time  is  AV.  ^^^ 
amount  leaving  it  is  N^^~^ ;  hence  if  ABCD  is  surrounded  by  a 
metallic  cylinder  the  quantity  of  electricity  received  by  the  cylinder 
in  unit  time  is  if^  (1  —  c"*") ;  thus,  if  we  compare  the  chai^ 
received  by  the  cylinder  with  that  which  passes  through  the  end 
CD,  we  shall  find  (1  —  e""**)/e~**,  from  which  we  can  deduce  the 
value  of  b,  Kaufmann  in  this  way  determined  b  for  nitrogeo, 
carbonic  oxide,  carbonic  acid  and  hydrogen,  at  pressures  ranging 
from  about  1/50  to  1/28  of  a  millimetre  of  mercury  and 
with  potential  differences  from  about  2500  to  7500  volts;  he 
found  that  if  V  is  the  potential  difference  in  the  discharge  tobe 
in  volts,  p  the  pressure  in  millimetres  of  mercury,  then  for  the 
same  gas,  within  the  limits  of  pressure  and  potential  difference 
indicated,  bV/p  was  constant;  i.e.  the  absorption  coefficient  is 
proportional  to  the  pressure  and  inversely  proportional  to  the 
kinetic  eneigy  of  the  corpuscle.  The  values  for  the  different 
gases  are  indicated  in  the  following  table : 

•  Eaubnanii,  Ifjeil.  Am.  Ixii.  p.  06,  1899. 
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Ou 

bVlp 

Moleoalar  weight 

H, 

CX),   

730 
6650 
6380 
6830 

2 

28 
28 
44 

The  values  of  b  do  not  follow  those  of  the  molecular  weight 
as  closely  as  the  values  determined  by  Lenard ;  one  reason  for  this 
may  be  the  greater  velocities  of  the  rays  investigated  by  Lenard ; 
we  have  seen  (p.  378)  that  it  is  only  for  very  rapidly  moving 
cathode  ra}rs  that  we  could  expect  Lenard's  law  to  be  strictly  true; 
another  reason  may  be  that  in  the  method  used  by  Eaufmann 
the  positive  and  negative  ions  produced  by  the  primary  rays 
by  collision  with  the  molecules  of  the  gas  might  diffuse  with 
different  velocities  to  the  conductors  in  the  tube,  so  that  part 
of  the  current  measured  in  these  experiments  may  be  due  to 
secondary  ionisation. 

The  y  Rays. 

203.  The  absence  of  any  magnetic  deflection  of  these  rays 
and  of  any  indication  of  a  charge  points  to  the  conclusion 
that  they  are  of  the  same  character  as  Rontgen  rays  and  do  not 
consist  of  rapidly  moving  negatively  charged  particles.  As  these 
rays  are  very  much  more  penetrating  than  ordinary  Rontgen  rays 
and  as  the  importance  of  the  '  scattering '  compared  with  the  loss 
of  energy  due  to  ionisation  of  the  absorbing  substance  increases 
with  the  hardness  of  the  rays,  it  is  important  to  investigate  the 
expression  for  the  absorption  of  rays  when  scatibering  is  taken  into 
account.  Let  us  consider  the  case  of  rays  parallel  to  the  axis  of 
X  passing  through  a  plate  of  material  bounded  by  planes  at  right 
angles  to  this  axis.  As  these  rays  pass  through  the  material  they 
will  be  scattered,  some  of  the  scattered  rays  going  forwards,  others 
backwards ;  there  will  thus  be  two  streams  of  7  rays  in  the  plate, 
one  stream  travelling  in  the  direction  of  the  incident  rays  the 
other  in  the  opposite  direction.  Let  /  be  the  energy  passing  at 
a  distance  x  from  the  point  of  the  plate  through  unit  area  in  unit 
time  in  the  first  of  these  streams,  R  the  corresponding  amount  for 
the  second  stream.    If  a  fraction  fidx  of  the  energy  of  the  rays  is 


i^^^B^^BI 
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abeorbed  when  they  travel  tbrough  a  distwtoe  dx.  and  if  *iit  U  ibt- 

fraction  of  the  tnergy  scattered,  then  we  have                      ^^^^ 

BI  =  iA  a+R)dx^0Idx.                    ^^M 

-SR  =  \h{r  +  R)tU~ffRdx.                   ^H 

^+/9/=iA(/+B>.     m 

dR      __      .. 

W    1 

To  solve  thesi'  ..-n 

values  in  the  j.reo                                i 

•.B  =  Be*»;  substituting, th«« 

■ 

1 
hence                     1 

^M 

■ 

hence 

^H 

we  have  if 

^^" 

To  determine  A  and  j4'  we  have  the  conditions  that  when  x='}' 
I  =  /,,  the  intensity  of  the  incident  rays,  and  when  x  =  d,d  being 
the  thickness  of  the  plate,  ^  =  0,  Making  theae  Bubatitutiom  "^ 
find 

BO  that  /,  the  intensity  of  the  rays  after  passing  through  the  pl»W. 
is  given  by  the  equation 

The  intensity  of  the  '  reflected '  rays  is  got  by  putting  x  =  0 1" 
the  expression  for  R,  doing  this  we  find  that  the  intensity  '* 
given  by  the  equation 

I  J,  (^ -,-'') 


'i{{ff-ik  +  \)^-0-ih-\)i-'^y 


..(2)- 
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From  these  expressions  we  see  that  the  intensity  of  the  rays 
iter  passing  through  the  plate  is  not  given  by  an  exponential 
xpression,  i.e,  is  not  proportional  to  e"****;  if  the  coefficient  of 
bsorption  is  calculated  on  the  basis  of  such  a  law  the  values  of 
he  coefficients  obtained  will  vary  with  the  thickness  of  the  plate, 
ven  though  the  primary  radiation  is  homogeneous.  Rutherford 
howed  that  the  value  of  the  coefficient  of  absorption  varied  with 
he  thickness  of  the  layer;  this  is  shown  in  the  following  table 
vrhere  column  (I)  gives  the  coefficient  of  absorption  calculated  on 
he  basis  of  the  exponential  law  for  the  first  2*5  mm.  of  substance 
raversed,  column  (II)  for  the  thickness  2*5  to  5  mm.,  column  (III) 
or  5  to  10  mm.  and  (IV)  fi-om  10  to  15. 


Sabstance 

I 

II 

III 

IV 

Mercury    

Lead 

Zinc  

•726 
•641 
•282 

•661 
•563 
•266 

•538 

'480 
•248 

•493 
•440 
•266 

The  coefficients  decrease  with  the  thickness  of  the  substance 
•avelled.  This  is  usually  attributed  to  the  primary  radiation 
eing  heterogeneous,  the  more  absorbable  portions  being  weeded 
at  first ;  it  would  however  also  arise  fi-om  the  erroneous  assump- 
on  of  an  exponential  law,  and  although  it  is  probable  from  other 
>asons  that  the  7  radiation  from  radium  is  heterogeneous,  we 
innot  without  further  calculation  prove  this  from  experiments 
ich  as  those  represented  in  the  table. 

An  interesting  special  case  of  (1)  is  when  there  is  no  absorption 
f  energy  but  only  scattering,  in  this  case  /S  =  A  and  X  =  0,  and 
I)  becomes 

1  +  iAd" 

IxvLB  the  intensity  of  the  transmitted  radiation  falls  off  much 
388  rapidly  than  if  it  were  expressed  by  an  exponential  law. 

We  see  firom  p.  326  that  when  the  radiation  from  one  corpuscle 
ices  not  interfere  with  that  from  a  neighbouring  one 

3   m" 
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where  y  is  the  number  of  corpanclea  in  unit  volume,  e  the  charge 
and  m  the  iubss  of  a  corpuscle ;  putting 

e/m  =  1-7x10',     e=10— , 

and  asaaraing  that  the  number  of  corpuscles  in  an  atom  is  eqni^ 
to  the  atomic  weight,  we  find  that,  if  a-  is  the  density  of  tlu 
flubetance, 

A  =  -25«r. 


so  that 


.  (3) 


of  energy  by  jonisation,  it 
thick  to  reduce  the  inteusiiy 
attering  gives  a  finit*  limit 
atioD  analogous  to  Routgeu 
jTgy  scattered  to  the  eneig)' 
kbeoiption  of  the  rays  depart 


Thus  if  there  w 
it  would  take  a  layei 
to  1  %  of  its  origini 
to  the  penetrating  p< 
rays.  The  larger  the 
spent  in  ionisatioo  thf 
from  the  exponential  1 

If  the  electric  forces  in  the  pulses  constituting  the  y  raj-s  are 
not  uniform  in  direction  from  back  to  fr^nt  but  are  positive  in  one 
part  of  the  pulse,  negative  in  another,  then  if  the  corpuscles  in  the 
atoms  over  which  the  pulse  is  travelling  are  so  closely  packed  that 
the  pulse  may  cover  two  corpuscles  A  and  B  simultaneously,  A 
being  in  the  positive,  B  in  the  negative  part  of  the  pulse,  theo 
since  the  accelerations  of  A  and  B  are  of  opposite  signs  the  mag- 
netic force  due  to  their  motion  will  be  in  opposite  directions- 
Since  these  electric  and  magnetic  forces  due  to  A  and  B  tend  to 
neutralize  each  other  the  energy  radiated  from  the  two  combined 
will  be  less  than  that  from  either  separately,  the  energy  absorbed, 
I.e.  the  value  of  k,  will  be  less  than  the  value  just  given,  and  the 
penetrating  power  of  the  radiation  greater  than  indicated  by  the 
expression  (3). 

We  shall  show  later  that  in  consequence  of  the  emission  of 
radiation  from  a  moving  charged  body,  such  a  body,  when  acted 
upon  by  a  force  Xe,  does  not  start  at  once  with  an  acceleration 
Xelm,  where  m  is  the  mass  of  the  body.  The  acceleration  is  at 
first  zero  and  gradually  increases  until  it  reaches  the  limiting 
value  Xelm ;  if  this  initial  stage,  whose  duration  only  depends  on 
the  charge  and  mass  of  the  charged  body,  occupies  an  appreciable 
irt  of  the  time  taken  by  the  ROntgen  pulse  to  pass  over  the 
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>xly,  the  amount  of  ener^  radiated  would  be  considerably  less 
;han  that  given  by  the  investigation  in  §  161,  where  the  accelera- 
aon  was  assumed  to  have  the  maximum  value  Xejm  during  the 
hole  of  the  time  the  pulse  was  passing;  thus  for  very  thin  pulses 
the  value  of  h  would  be  considerably  teas  than  that  given  by 
this  investigation,  and  therefore  the  absorption  of  the  rays  less 
bban  that  given  by  the  expression  (3). 

The  investigations  that  have  been  made  of  the  absorption  of 
the  7  rays,  show  that  these  pulses  are  so  thin  that  the  time  taken 
by  them  to  pass  over  a  corpuscle,  or  if  the  pulses  consist  of  alter- 
nations of  sheets  of  positive  and  negative  electric  force  the  time  of 
transit  of  one  of  these  sheets  is  comparable  with  the  time  taken 
for  the  acceleration  to  reach  its  maximum  value.  For  equation  (3) 
is  equivalent  when  trd  is  small  to  I  =  lai~-\25ad;  thus  the  absorp- 
tion coefficient  X  calculated  in  the  usual  way  would  be  ■125<r, 
80  that  (X/density)  would  be  ■125.  The  following  table  taken 
from  a  paper  by  Wigger  {Jahrbuch  des  RadioaktivittU,  ii.  p.  391, 
1906)  shows  that  for  the  7  rays  from  radium  the  absorption  is 
much  less  than  that  given  by  this  result.  X/density  being  constant 
and  about  02  instead  of  125. 


Absorption  of  y  rayg  from  radium  bromide. 
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■  IN  GENERAL  TO  EMIT 
LiTION. 

the  last  chapter  were  ih'iee 
ich  two  only,  uranium  and 
:overy  of  radio-activity,  the 
m  were  brought  to  light  by 
sstion  arises,  is  the  property 
•r  confined  to  these  elements, 
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emitted  by  a  few 
thorium,  were  kno 
others,  radium,  pol 
the  study  of  this 
of  emitting  ratliiitic 
or  is  it  possessied,  though  to  a  verj-  much  smaller  extent,  bv  the 
elements  in  general  ?  Of  late  years  a  considerable  amount  of 
attention  has  been  given  to  this  question,  resulting  in  the 
collection  of  a  laige  amount  of  evidence  in  iavour  of  the  view 
that  this  property  is  possessed  to  some  extent  by  all  bodies, 
although  there  seems  to  be  a  great  gap  between  the  amount  of 
radiation  emitted  by  the  least  active  of  the  recognised  radio-active 
elements  and  the  most  active  of  the  others. 

All  the  investigations  on  the  radiation  emitted  by  ordinary 
matter  have  been  made  by  the  electrical  method,  by  measoiiug 
the  amount  of  ionisation  in  a  volume  of  gas  placed  in  the 
neighbourhood  of  the  body  under  investigation.  We  have  Been 
(p.  6)  that  gases  enclosed  in  metallic  vesseb  are  ionised  to  s 
slight  extent  and  that  the  amount  of  ionisation  is,  in  small 
vessels,  proportional  escept  in  the  case  of  hydrogen  to  the  density 
of  the  gas,  we  have  seen  too  in  the  last  chapter  that  the  ionisation 
produced  by  the  radiation  from  radio-active  substances  follows 
exactly  the  same  law. 

Rutherford  and  Cooke*  and  M'Clennanf  have  shown  that 
part  of  the  ionisation  of  the  gas  inside  a  closed  vessel  is  due  to 

*  Batherford  uid  Cooke,  Phgiieat  Btvin^,  iri.  p.  188,  190S, 
t  UoCleniiui,  PkyiieiU  Revitw,  sri.  p.  IM,  1908. 
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diatioQ  coming  from  outside  the  vessel,  for  they  found  that  when 
e  closed  vessel  is  surrounded  by  thick  Iwid  screens  the  ionisation 
a  the  gas  inaide  the  vessel  is  very  considerably  reduced.  Cooke* 
und  however  that  there  was  a  limit  to  the  diminution  that 
Bould  be  produced  in  the  ionisation  by  screening;  for  however 
{-^ck  the  lead  screens  were  made  the  ionisation  inside  the  vessel 
ifiver  sank  to  less  than  about  one-third  of  the  amount  when  the 
•ens  were  removed,  Experiments  have  been  made  by  Cookef 
1  also  by  WoodJ  to  find  out  whether  this  external  radiation 
4iich  can  be  screened  off  enters  the  vessel  from  above,  below  or 
sideways.  Screens  were  arranged  so  as  to  cut  off  the  radiations 
travelling  in  these  directions  separatel}',  but  no  well  marked 
differences   in   the   amount   of   radiation   travelling   in   different 

Fictions  were   established,  the  external   radiation  seems   to  be 
ly  uiuformly  distributed  in  all  directions. 
A  further  step  was  made  by  Struttg,  M°Clennan  and  Burton  ||  and 
CookeT.  who  showed  that  the  amount  of  ionisation  inside  a  closed 
Teesel  varied  with  the  nature  of  the  material  of  which  the  vessel 
V  vas  made  and  this  result  was  subsequently  confirmed  by  Righi". 
Kfipeaking  generally  we  may  say  that,  for  vessels  of  the  same  size  and 
ViAape,   lead   vessels    give    the   largest    ionisation,   tin   and    iron 
considerably  less,  and  zinc,  aluminium  and  glass  least  of  all ;  the 
relative   amounts   however  depend,  as  we  shall  see   later,   to   a 
considerable  extent  upon  the  shape  and  size  of  the  vessel.     This 
variation  in  the  amount  of  ionisation  with  the  nature  of  the  walls 
of  the   vessel  occurs   whether   or   not   the  external  radiation  is 
•creeaed  off. 

Two  ways  suggest  themselves  as  to  how  the  influence  of  the 

,1b  of  the  vessel  on  the  ionisation  might  arise.      In  the  first 

ions  might  be  produced  by  chemical  action  between  the  gas 

and  the  metal ;  we  shall  see  later  that  chemical  action  may  result 

the  priiduction  of  iree  ions  ;  or  again  ions  might  slowly  diffuse 

,t  from  the  metal  into  the  gas,  such  as  seems  to  occur  when  a 

•  Cooks.  Phil,  iloff.  6.  vi.  p.  408.  lOOM. 

I  Cooke,  Phil.  ifag.  G.  vi.  p.  403,  1903. 
;  Wood,  Phil.  Mttt).  6.  ii.  p.  fiEO.  IPOS. 
g  Slratt.  .VafMri-,  Feb.  19,  1903. 

II  U-Cleotifiu  au<I  Burtoo,  Naturt,  Feb.  26.  1903. 
%  Cooke,  NatttTt.  April  2,  1903- 
'•  Bigbi,  11  yuovo  Cimtnti,  Jan.  1905. 
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metal  is  heated  to  redoess  when  positive  iona  are  given  oot, 
originating  perhaps  from  gases  absorbed  by  the  metal.  This  vm 
is  however  untenable,  for  Campbell*  has  shown  that  the  tonimnj; 
effect  of  a  metal  can  penetrate  thin  aluminium  foil ;  it  ia  abo 
rendered  extremely  improbable  by  the  fact  that  the  iouieation  in 
different  gases  dujjends  only  upon  the  density  of  the  gas  and  nnt 
upoD  its  chemical  properties.  The  other  way  of  esplaining  thi,' 
variation  in  the  ionisation  is  to  regard  it  as  due  to  tadiation 
coming    froTn    the  i    the    questioD   then  arises     ' 

whether  the  radiatii  lead  or  other  metal  used  fnr     i 

the  vessel,  or  wheth  radio-active  impiiritj'  in  the 

metal.     This  is  a  pt  he  most  careful  attention,  fiir     | 

the  activity  of  the  stances,  such  as  tadium,  so     , 

enormously  transcei  metal,  that  the  presence  of 

an  amount  of  radium  '.  absolutely  beyond  detection 

by  any  chemical  or  lysis  would  produce  amounte 

of  ionisation  far  greb  tually  observed. 

Now   radium    and    its   einanaiion    are    very   widely  diffused 
substances,   thus   for   example   I    observed   that  air  which   had 
bubbled  through  Cambridge  tap-water   was  highly  conductingt 
and  the  coaductivity  was  traced  to  the  presence  in  the  water  <^ 
small   quantities  of  radium   emanation.     I  also  found  traces  of 
radium  in  the  most  diverse  substances  such   as   various  sande, 
gravels,  clays  and  even  in  some  specimens  of  wheaten  flour.    Th« 
amount   of  radium   however  in   different  specimens  varied  very 
capriciously.     Elster  and  GeitelJ  have  detected  the  presence  o* 
radium  in  the  soil,  and  Strutt§  has  lately  made  a  very  exhaustive^ 
examination  of  a  large  number  of  rocks  in  all  of  which  he  foun<V 
appreciable  quantities  of  radium.      It  is  evident  therefore  that 
radium  in  minute  quantities  is  very  widely  distributed  and  that  it 
is  necessary  to  eliminate  this  source  of  radio-activity  before  we 
can   establish   the   radio-activity   of  ordinary   matter.     Another 
source  of  error,  affecting  experiments  made  in  laboratories  where 
radium   has  been  used,  is   that   the   walls   and  contents  of  the 
building  get  contaminated  with  a  deposit  of  one  of  the  transform- 
ation products  of  radium  and  acquire  radio-activity  in  this  way;  to 

*  Campbell,  Phil.  Jifuj;.  6.  ii.  p.  &31,  190G ;  6.  xi.  p.  906,  1906. 
i  J.  J.  ThomBon,  PMl.  Mag.  6.  [4],  p.  858,  1903. 

t  Elitar  and  Ueit«l,  Fkftik.  ZtiUchr.  it.  p.  G36,  190B. 

•  •"mtt,  Proe.  Jioj.  Soe.  tnriL  p.  473,  1906. 
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against  this  effect  it  is  necessary  to  scrape  the  old  surface 
all  vessels  used  for  experiments  of  the  kind  we  are  discussing 
to  work  with  virgin  surfaces. 

*The  evidence  against  the  ionisation  observed  in  closed  vessels 
ling    from    radio-active    impurities    may  be    summarized    as 
^lows. 

Different  observers  using  quite  different  samples  of  the  various 

^^etals  agree  in  the  order  in  which  they  place  the  various  metals 

^^ith  respect  to  this  power  of  emitting  radiation.     In  comparing 

^Le  results  of  experiments  of  this  kind  regard  must  be  had  to  the 

^hape  and  size  of  the  vessel  as  well  as  of  the  material  of  which  it 

is  composed  :  the  radiation  given  out  by  the  walls  of  the  vessel  is 

of  two  kinds,  one  very  penetrating,  the  other  easily  absorbed :  the 

ionisation  due  to  the  former  kind  of  radiation  is  proportional  to 

the  volume  of  the  vessel,  while  that  due  to  the  absorbable  kind  is 

proportional  to  the  area  of  the  surface:   thus  the  ratio  of  the 

ionisations  in  equal  vessels  made  of  different  materials  will  depend 

upon  the  proportion  between  the  ionisation  due  to  the  surface  and 

that  due  to  the  volume,  and  hence  upon  the  shape  and  size  of  the 

vessel. 

Experiments  have  been  made  by  Strutt*  and  Woodf  in  which 
the  vessels  were  of  the  same  size  and  shape,  the  results  for  the 
relative  amounts  of  ionisation  are  given  in  the  following  table : 


Material 

Ionisation 

■^^^^ 

Strutt 

Wood 

Lead 

4-2 

5-2 

Tin    

4-4  to  6-3 

4-7 

Aluminium  

2-7 

2-7 

Zinc  

2-3 

2-3 

If  radium  were  present  as  an  impurity  we  should  expect  to  find 
large  variations  in  the  effects  produced  by  different  samples  of  the 
same  material,  of  the  same  order  as  those  we  do  find  in  different 
specimens  of  water  or  soil.  Again  if  radium  were  present  in  the 
metals    we    should   expect   to  find   also   its   emanation.      Many 

♦  Strutt,  Phil  Mag.  6.  V.  p.  680,  1903. 
t  Wood,  Phil.  Mag.  6.  ix.  p.  550,  1905. 
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attempts  have  been  made  to  detect  this  emanation  but  without 
success.  I  have  dissolved  large  quantities  of  the  salts  of  different 
metals  in  distilled  water,  and  left  the  Bolutions  standing  hr 
months  so  as  to  give  time  for  any  emanation  to  come  out,  but  on 
bubbling  air  through  the  solution  no  trace  of  emanation  could  be 
obtained,  and  attempts  to  detect  it  by  boiling  the  water  wer^ 
equally  unsuccessftiL  Campbell*  has  carried  this  test  still  fuitlier, 
he  dissolved  in  nitric  acid  1500  grammes  of  the  same  lead  which 
he  had  used  for  tl       '       '  '  '     which  the  ionisatioa  test  was 

made,  but  on  bul  the  solution  after  it  had  stood 

for  some  time  no  1  could  be  detected. 

On  the  suppo:  isation  in  the  lead  vessel  wia 

due  to  radium,  the  i  in  the  1500  grammes  of  lead 

could  be  calculateo  mount  of  emanation  it  would 

give  off;  this  cald  it  this  quantity  of  emanation 

would  have  increu  testmg  chamber  500-foid ;  as 

no    measurable    ii  need    the    experiment  seeae 

conclusive  against  nt  the  ionisation  produced  by 

the  lead  was  due  to  the  presence  of  a  small  quantity  of  Ridiiim. 

Campbell  f,  by  comparing  the  ionisation  produced  by  the 
metals  with  that  produced  by  their  salts,  has  shown  that  the 
-emission  of  radiation  is  an  atomic  property,  he  has  also  shown 
that  samples  of  the  same  suit  prepared  by  different  methods 
produce  the  same  effect ;  this  is  very  strong  evidence  against  their 
activity  being  due  to  an  impurity. 

206.  Another  test  as  to  whether  or  not  the  activity  is  doe  to 
an  impurity  is  the  following :  if  the  effects  were  due  to  an  impiinty> 
say  radium,  the  quality  of  the  radiation  given  out  by  all  metals 
would  be  the  same.  Campbell  J  has  made  a  very  elaborate  investi" 
gation  on  this  point.  The  general  principle  of  his  method  is  ** 
follows.  Suppose  we  have  a  box  two  sides  of  which  are  pawl^' 
plates  of  the  substance  to  be  investigated  arranged  so  that  the 
distance  between  them  can  be  varied  continuously,  the  other  side 
of  the  box  being  made  of  a  substance  whose  radio-activitj  ^ 
small,  a  series  of  measurements  of  the  ionisation  inside  the  b°' 
are  made,  starting  with  the  two  plates  close  together  and  gnd^^ 

•  CampbeU,  Phil.  Mag.  6.  li.  p.  206,  1906. 

t  CaropbeU,  Froe.  Camb.  Phil.  Soc.  uu.  p.  38S,  IMS. 

X  Cftmpbell,  PMl.  Mag.  6.  zi.  p.  900,  1906. 
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Dcreasing  the  distance  between  them.  The  radiation  emitted  by 
he  plates  is  of  two  kinds,  one  kind  a  peoetratiiig  mdiatioa  which 
a.n  travel  across  the  greatest  distance  separating  the  plates  with- 
lut  appreciable  absorption,  the  other  kind  an  easily  absorbable 
-adiation  which  gets  stopped  after  travelling  through  a  few 
»nti metres  of  air.  The  ionisatJon  due  to  the  penetrating 
radiation  is  proportional  to  the  distance  between  the  plates  and 
will  be  graphically  represented  by  a  straight  line  passing  through 
the  origin.  The  ionisation  due  to  the  second  kind  of  radiation 
(rill,  when  the  plates  are  close  together,  be  proportional  to  the 
distance  between  them,  but  as  the  distance  between  the  plates 
increases  the  rate  at  which  the  ionisation  increases  with  the 
distance  will  fall  off,  and  when  the  distance  between  the  plates  la 
^reat«r  than  the  radiation  can  penetrate  the  ionisation  will  become 
independent  of  the  distance. 

If  this  radiation  has  the  same  properties  as  the  «  radiation,  i.e. 
if  the  ionisation  due  to  it  is  uniform  for  a  distance  I  and  then 
ceases,  we  can  easily  show  that  the  amount  of  ionisation  when  the 
{Jfttes  are  separated  by  a  distance  x  is  equal  to 


i^n 


(- 


I  less  than  I,  and  to  lifiNi  when  a:  is  greater  than  I. 
Here  N  is  the  number  of  rays  emitted  by  the  plate,  /*  the  number 
of  ioos  produced  by  each  ray  per  unit  length  of  path.  The 
'onisation  due  to  the  penetrating  radiation  may  be  represented 

Hence   if  y   is   the   ordinate   of  the   curve   representing   the 
Ifttion  when  the  plates  are  separated  by  a  distance  a^,  we  have 

:  is  less  than  /,  and 

i;  is  greater  than  I. 
tus  for  large  values  of  x  the  curve  (Fig.  103)  becomes  a 
^ght  line.  If  this  line  cuts  the  axis  of  y  in  K,  ON  will 
I  1  •■sent  the  total  ionisation  due  to  the  absorbable  rays.  If  the 
L;cDt  to  the  curve  at  the  origin  cuts  this  line  in  Q  then  the 
I  issa  of  C  is  equal  to  lj2  and  is  therefore  a  measure  of  tht 
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penetrating   piwer    of    the    absorbable    radiation.      In   practice 
corrections  have  to  be  applied  to  these  eEpreasions  to  allow  for  the 


^ 


lity  of  the  rays,  for  these  we 


influeDce  of  the  sJd 
refer  the  reader  to  I 

If  experiments  of  this  itina  are  made  (1)  with  the  boi 
shielded  from  external  radiation  by  thick  lead  screens,  (i)  when 
unshielded,  and  curves  drawn  for  the  two  sets  of  experiments,  then 
a  third  curve,  whose  ordinates  are  the  diflFerences  of  the  ordinate! 
of  (l)and(2),  will  represent  the  effect  of  the  external  radiation.  K 
this  curve  is  a  straight  line  the  radiation  arising  from  the  external 
radiation  is  entirely  of  a  penetrating  character;  this  is  found  to  be 
the  case  when  the  box  is  made  of  lead  or  aluminium,  for  most 
metals  however  the  curve  resembles  that  given  in  Fig.  103, 
showing  that  the  penetrating  radiation  when  passing  through  the 
metal  sets  up  by  an  easily  absorbable  secondary  radiation.  The 
results  obtained  by  Campbell  are  expressed  by  the  following  table. 

s  is  the  number  of  ions  produced  per  second  by  the  intrinsic 
absorbable  radiation  from  1  sq.  cm.  of  the  sur&ce  of  the  metal, 
when  totally  absorbed  in  air. 

s'  the  number  of  ions  produced  per  second  by  the  easily 
absorbable  secondary  radiation  from  1  sq.  cm.  of  the  metal  under 
the  conditions  of  the  experiment  when  the  radiation  is  totally 
absorbed  in  air. 

V  the  number  of  ions  prodnced  in  1  c.a  per  second  by  the 
penetrating  radiation  from  the  box. 
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V  the  number  of  ions  produced  in  1  c.c.  per  second  by  the 
external  radiation  and  the  penetrating  secondary  radiation  excited 
by  it. 

a  the  distance  the  absorbable  intrinsic  radiation  can  travel  in 
air  without  losing  its  ionising  power. 

\  the  absorption  coefficient  of  the  easily  absorbable  secondary 
radiation. 


Material 

• 

#' 

V 

F' 

a 

X 

Lead  1    

270 

260 
103 

0 

0 
160 

10-2 

13-4 
2-2 

14-2 

26-3 
22-0 

12-0) 
12-5J 
12-5i 
12-OJ 
9 

0-6 

Lead  2    

,     Copper  1    

Copper  2    

110 

91 

8-1 

27-4 

9 

0-5 

Aluminium    ... 

117 

0 

14-8 

17-0 

6-0) 
6-5( 
9 

Tin  

144 

156 

31 

18*9 

0-5 

Silver  

146 

74 

146 
411 

25-5 
17-3 

17-0 
141 

8-5 
12-0 

0-9 
0-4 

Platinum    

Gold 

78 

169 

10-4 

16-8 

10-0 

0-6 

Zinc 

72 

51 

15-4 

16-8 

10-0 

0-5 

Iron 

119 

124 

12-3 

10-5 

13-0 

0-5 

It  will  be  seen  that  the  quality  of  the  radiation,  as  determined 
by  the  value  of  a,  varies  considerably  from  metal  to  metal,  the 
value  of  a  found  for  these  metals  is  in  most  cases  considerably 
greater  than  6*5,  the  value  for  the  a  radiation  from  radium. 

Campbell  has  been  able  to  detect  the  ionisation  due  to  the 
nxdiation  from  metals  after  the  radiation  has  passed  through  thin 
aluminium  foil,  and  he  has  detected  in  this  way  the  radiation  from 
non-conductors  such  as  sulphur  for  which  the  previous  method  can 
not  be  used. 

If  gases  share  this  property  of  giving  out  radiation  then  the 
radiation  of  the  gases  themselves  should  produce  no  inconsiderable 
eflfect  when  the  linear  dimensions  of  the  vessel  are  large  compared 
with  the  quantity  a  given  in  the  preceding  table.  For  when,  as  is 
the  case  with  this  intrinsic  radiation,  the  radiation  from  a  cubic 
centimetre  of  gas  and  the  absorption  of  the  radiation  are  both 
proportional  to  the  number  of  molecules  of  the  substance  per  cubic 
centimetre,  it  is  easy  to  show  that  the  stream  of  intrinsic 
radiation  passing  through   unit  area  due  to  a  volume  of  the 

T.  G. 
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substance,  is  independent  of  the  number  of  molecules  per  cubic 
cuntiniftre,  jiDvided  the  line.ir  diniensiona  of  the  eubstMice  hk 
liirK<!  cumpartn]  with  the  diat&Dce  the  radiation  can  tmvel  thn^ugh 
it  without  being  absorbed.  Hence  when  the  linear  dimensioiiy  uf 
tho  vessel  are  large  couijuired  with  the  value  of  a  for  tht?  rwliHtii'D 
emitted  by  the  giia,  the  stream  of  radiation  due  to  the  g^s  will  he 
cduiiwirablc  with  that  euiittiMl  by  a  slab  of  liquified  or  solidifiwl 
fpt^  and  thus  iinless  the  radiation  emitted  jjer  molecule  were  much 
sniMller  for  thf  gas  than  for  the  metal  the  stream  of  radiation  from 
the  gns  would  be  comparable  with  that  coming  from  the  sides  of 
the  vessel.  When  the  volume  of  the  gas  is  large  enough  for  thislo 
be  the  case  the  ioniaation  due  to  the  gas  radiation  will  be  jffo- 
purtional  to  the  volume  and  no  in  an  investigation  like  Campbelli 
would  affi'ct  the  value  assigned  to  the  penetrating  radiation 
the  walls  of  the  ve^tvi'l. 

With  reganl  to  the  nature  of  the  easily  absorbed  radial 
I'ampbell  haa  shown  that  it  does  not  consist  of  negatii 
charged  particles.  For  if  it  consisted  of  such  particles 
could  thiin  it*  jionetniting  pi.wer  deduce  the  vi-lfjcity  of  the 
(MirticleM  and  hence  the  potential  diflferenee  which  would  be 
sutticient  to  stop  them  if  they  moved  against  the  electric  field 
(.\tmplH-ll  made  the  radiation  from  metals  pass  through  such  a 
Held  anil  found  that  the  radiation  emerged  &om  the  field  without 
any  uppix'ciable  diminution  in  intensity. 

\'in-iatioiis  in  the  ionisalion  inside  a  closed  vessel. 
206.  When  air  is  shut  up  in  a  closed  vessel  the  ionisation  in 
the  iiir  \»  subject  to  curious  fluctuations  and  changes,  the  origin  of 
which  is  not  yet  fully  understood.  Thus  for  example  Campbell 
anil  WtHnl,  working  in  the  Cavendish  Laboratory,  have  shown 
that  ill  an  unscreened  vessel  the  ionisation  shows  regular  diurnal 
variations,  having  a  maximum  in  the  early  morning.  The  most 
obvious  explanation  of  this  is  that  there  is  a  similar  variation  in 
the  amount  of  radium  emanation  in  the  lower  regions  of  the 
atmosphere.  Dike  has  verified  this  hypothesis  by  showing  that 
the  induced  radio-activity  deposited  on  a  negatively  electrified 
surface  in  the  Cavendish  Jjaboratory  has  well  marked  diurnal 
variation,  with  a  pronounced  maximum  in  the  early  morning. 
Diurnal  variations  in  the  amount  of  induced  radicMtctivity  have 
also  been  observed  by  Simpson*  in  Lapland.  If  the  emaoatioii 
*  Umpton,  Phil.  Traiu.  ocn.  '^  «V,  1906. 
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Iftom  radium  present  in  the  atmosphere  diftusea  out  of  the  aoil. 
quantity  near  the  surface  would  depend  greatly  upon  vertical 
irrents  in  the  atmosphere  and  we  should  expect  to  get  the 
ktest  accumulation  of  emanation  near  the  surtace  when  the 
Upward  convection  currents  have  their  minimum  vahie.  It  is 
larkable  that  the  gradient  of  electrical  potential  in  the  air 
at  the  same  time.  Another  very  remarkable  result 
is  that  the  ioniBation  inside  a  closed  vessel  goes  on  increasing  for 
several  weeks  and  often  rises  to  a  value  two  or  three  times  the 
value  obtained  when  the  air  was  fresh.  At  first  indeed  there  may 
be  a  temporary  diminution  in  the  ionisation,  as  wus  observed  by 
["dennan  and  Barton,  due  probably  to  the  decay  of  radium 
lUiation  present  in  tlie  air  when  it  was  first  enclosed,  the 
t  increase  is  more  obscure.  Elster  and  Geite!  have, 
1^  we  have  seen,  observed  abnormally  strong  ionisation  in  cellars 
and  cavee  in  which  the  air  is  stagnant,  but  as  bricks  and  the 
walls  of  the  cave  contain  radium  this  is  what  we  should  expect 
from  the  slow  ditfusion  of  the  radium  emanation  from  the  walla 
into  the  air.  In  the  case  of  closed  metallic  vessels,  however, 
tbe  cause  is  more  obscure  as  no  emanation  has  been  detected 
these  metals  even  when  the  time  allowed  for  any  emana- 
tion there  might  be  to  accumulate  is  much  longer  than  that 
necessary  to  enable  the  ionisation  in  a  closed  vessel  of  the 
metal  to  double  or  treble  in  value.  When  once  the  ionisation 
has  risen  to  a  high  value  a  large  (quantity  of  fresh  air  has 
,to  be  sent  through  tlie  vessel  before  the  ionisation  sinks  to  its 
irmal  valne,  as  if  the  cause  of  the  increase  stuck  with  some 
latency  to  the  walls  of  the  vessel,  The  fact  that  the  satura- 
current  reaches  these  high  values  shows  that  the  increase 
not  due  to  an  accumulation  of  ions  but  to  an  increase  in 
rate  at  which  they  are  produced.  Is  it  possible  that  these 
jtional  ions  are  produced  by  some  chemical  action  between  the 
and  the  walls  of  the  vessel  and  that  this  action  has,  like 
i  other  such  actions,  e.ff.  the  combination  of  hydrogen  and 
rine,  a  period  of  so-called  induction,  i.e.  that  it  takes  a 
lidenible  time  before  the  action  goes  on  at  the  normal  rate  ? 
The  subject  nf  this  chapter  is  treated  very  completely  by 
Lmpbell  in  bis  valuable  pitper  in  the  Jalirbuch  der  Radioaktivitdl, 
,434,  1906. 


CHAPTER  XIV. 


1 


lONISATION  Ill'E  TC  PTION,  THE  BUBBLING  OF 

AIR  THROUGH  WJ  ;  SPLASHING  OF  DROPS. 

Mlectrijit  lemical  Action. 

207.     In  niiiiiy  c  combination  in  which  gasea 

take  part  we  g<it  iil&  .he  gas ;    Pouillet*  was  the 

first  to  discover  iiti  e  effect ;  he  found  that  while 

a  carbon  cylindi.T  is  biiiuiiiff,  tue  tm  round  the  cylinder  is  posi- 
tively while  the  cylinder  itself  ie  negatively  electrified,  Lavoisier 
and  Laplace-f-  showed  that  the  same  effect  occurs  with  glowing 
coal.  PouilletJ  also  found  that  when  a  jet  of  hydrogen  bums 
in  air,  there  is  positive  electrification  in  the  surrounding  air, 
negative  electrification  in  the  hydrogen.  Lavoisier  and  Ijiplace§ 
found  that  when  hydrogen  is  rapidly  liberated  by  the  action  of  ' 
sulphuric  acid  on  iron  there  is  considerable  positive  electrification 
in  the  gas ;  in  this  case  the  interpretation  of  the  results  is  made 
difficult  by  the  electrical  effects  produced  by  the  bubbling  of  the 
gas  through  the  liquid,  these  we  should  expect  to  be  very  con- 
siderable as  the  gas  is  liberated  in  small  bubbles,  which  is  the 
most  favourable  case  for  getting  a  considerable  electrification  in 
a  given  volume  of  air.  This  and  other  cases  of  electrification 
by  chemical  action  have  been  investigated  by  Enright||  and  by 
TowDsend1[ ;  the  latter  showed  that  the  hydrogen  produced  by 
the  action  of  sulphuric  acid  on  iron  retained  its  electrification 

'  Pouillet,  Pogg.  Ann.  ii,  p.  432. 
t  Lavoiniei  and  Laplace,  Phil.  Trant.  17S2. 
:  Ponillet,  Pogg.  Ann.  ii.  p.  42(i. 

S  LaToinier  and  Laplace,  MtmaxTti  de  I'Acadimit  da  Scitnca,  1783. 
11  Enrighl,  Phil.  Mag.  v.  29,  p.  56,  1890. 
TowDBend,  Proc.  Cami.  Phil.  Soe.  ii.  p.  S45,  1898;  Phil.  Mag.  ▼.  4S,  p.  lH. 
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after  passing  through  tubes  filled  with  tightly  packed  glass-wool, 
thus  proving  that  the  electrification  could  not  be  carried  by  the 
coarse  spray  produced  by  the  bursting  of  the  bubbles,  as  this  is 
stopped  by  the  wool.  Townsend  also  showed  that  when  chlorine 
is  liberated  by  the  action  of  hydrochloric  acid  on  manganese 
dioxide  the  chlorine  has  a  strong  positive  electrification ;  and  that 
the  oxygen  produced  by  heating  potassium  permanganate  carries 
with  it  a  strong  positive  charge. 

Townsend  has  shown  that  gases  liberated  by  electrolysis  carry 
with  them  considerable  charges  of  electricity.  Thus  the  hydrogen 
evolved  by  the  electrolysis  of  sulphuric  acid  at  temperatures  as 
high  as  40'*  or  50** C.  has  a  considerable  positive  charge;  the 
charge  on  the  oxygen  is  exceedingly  small  in  comparison,  it  is  also 
positive.  When  these  gases  are  liberated  by  the  electrolysis  of  a 
solution  of  caustic  potash  the  electrification  on  the  hydrogen  is 
very  small,  while  the  oxygen  has  a  much  larger  negative  charge 
the  amount  of  which  rapidly  increases  with  the  temperature ;  the 
nature  of  the  electrode  too  has  a  considerable  influence  on  the 
amount  of  electrification  which  comes  off  in  the  gas.  The  interpre- 
tation of  these  results,  like  those  of  the  evolution  of  gases  by  the 
action  of  acids  on  metals,  is  made  difficult  by  the  electrical  effects 
produced  by  the  bubbling  of  the  gases  through  the  liquid. 
Kosters*,  who  has  also  investigated  this  subject,  ascribes  most  of 
the  electrification  to  the  bubbling. 

Townsendf  found  that  these  electrified  gases  possess  the 
remarkable  property  of  producing  a  cloud  when  they  pass  into 
a  vessel  containing  aqueous  vapour ;  this  cloud  is  produced  even 
when  the  air  in  the  vessel  is  far  from  saturated  with  moisture,  and 
does  not  require  any  lowering  of  temperature  such  as  would  be 
produced  by  the  expansion  of  the  air  in  the  vessel.  Townsend 
found  that  when  the  gas  liberated  by  electrolysis  was  not  charged 
no  cloud  was  produced,  and  that  the  weight  of  cloud  produced,  other 
circumstances  being  the  same,  was  proportional  to  the  charge  in 
the  gas.  Clouds  are  produced,  however,  in  some  cases  in  which  no 
charges  are  perceptible ;  thus  H.  A.  Wilson  J  has  shown  that  if 
solutions  of  salts  or  acids,  or  even  of  sugar  or  glycerine,  are  sprayed 

*  Kosters,  WUd.  Ann.  Ixix.  p.  12,  1899. 

t  Townsend,  Proc,  Camb.  PhiL  Soc.  ix.  p.  345,  1897. 

*  H.  A.  Wilson,  PhiL  Mag.  v.  45,  p.  464,  1898. 
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by  a  Gouy  Kpniycv  into  a  vessel  and  the  air  from  this  vessel  passed 
through  sulphuric  acid  a  cloud  is  formed  when  this  air  emerges 
into  a  damp  atmosphere.  The  enuse  of  this  seems  fairly  clear, 
although  the  passage  through  the  sulphuric  acid  may  rob  the  drojB , 
of  the  solution  of  their  water,  the  acid  or  salt  in  the  drop  is  carried 
along  with  the  air  through  the  sulphuric  acid  ;  when  this  emerge^ 
into  the  moist  atmosphere  the  water  condenses  round  the  saltof 
acid  and  forms  a  drop  of  the  solution,  thus  the  drops  in  the  clond 
are  not  pure  water,  1  as  the  vapour  pre^ure  fer 

these  solutions  is  si  for  pure  water  the  drops  dtf 

not  evapomte,  even  .  isphere  is  not  saturated  with 

moisture,     Meissner  bed  clouds  not  acvuiupanicl 

by  electrification  whi  when  air  containing  ozone  b 

passed  thrtjugh  a  sol  m  iodide :  these  can  be  ex- 

plained in  a  similar  g  that  the  ozone  acting  on 

the  potassium  iodide  substance  which  readily  dis- 

solves in  Water  when  intact  with  it.     I  think  thftt 

a  similar  explanation  ..  ,he  clouds  produced  by  the 

electrified  gas,  for  the  carriers  of  the  electricity  are  evidently 
complex  bodies  of  very  considerable  size,  since  Townsendf  found 
that  the  velocity  of  these  carriers  under  a  potential  gradient  of  ■ 
1  volt  per  cm.  was  only  about  1/8000  of  the  velocity  under  the 
same  electric  field  of  the  ions  produced  by  the  action  of  the  Ronton 
rays  on  the  gases :  if  we  suppose  that  these  systems  can  dissolve 
in  water  like  an  acid  or  salt  and  lower  the  vapour  pressure,  the 
process  by  which  the  cloud  is  formed  would  be  the  same  as  that 
in  H.  A.  Wilson's  experiment. 

Townsend  measured  the  rate  of  fall,  the  weight  of  the  cloud, 
and  the  amount  of  electrification  carried  by  it ;  the  first  of  these 
measurements  gives  the  size  of  a  drop,  the  second  the  number  of 
drops,  and  the  third  the  charge  on  a  drop ;  he  found,  assuming 
each  drop  to  be  charged,  that  the  magnitude  of  the  charge  on  the 
carrier  of  the  electricity  in  electrolytic  oxygen  was  about  51  x  10"'" 
electrostatic  units. 

Bloch  I  has  also  measured  the  velocity  in  the  electric  field  of 
the  ions  produced  when  hydrogen  is  evolved  by  the  action  of  hydro- 

*  MeJBSDer,  Jahmbtr.  /.  Cktm.  1863,  p.  126;  Bee  also  Townsend,  iV<K.  Comb. 
Phil.  Soc.  I.  p.  52,  1899. 

+  lb.  ix.  p.  8«,  1B97. 

"  Bloob,  Ann.  dt  Chtmit  «t  dc  Phy$igue,  [6},  iv.  p.  35, 1900. 
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Kililonc  acid  on  zinc,  when  COj  is  prepared  from  marble  and 
bydrochloric  acid,  and  when  oxygen  ia  prepared  by  he-ating 
potassium  permanganate,  he  found  that  the  velocity  for  a  potential 
gradient  of  a  volt  per  centimetre  was  in  all  cases  of  the  order 
J./100  mtn.  per  second.     From  the  equation 

frhere  V  is  the  velocity  acquired  by  a  sphere  of  radius  a  when 
io\*iDg  under  the  action  of  a  force  X  through  a  fluid  having 
sity /t,  we  find,  putting  K=  lO"*,  m  =  2x10-*,  Z  =  3x  lO-i" 
fc (1/300).  that  a  =  2ax  10~',  so  that  the  size  of  these  cairiers  is 
■uch  larger  than  that  of  a  single  molecule. 


lonisatioH  proditced  by  the  oicidation  0/  phosphorus. 

208.     The  case  of  ionisation  by  chemical  action  which  has  been 

ost  closely  studied  is  that  of  the  oxidation  of  phosphorus.     Air 

pliich  has  passed  over  phosphoriia  at  not  too  low  a  temperature 

the   power   uf  discharging   both   positively   and   negatively 

slectrified   bodies.      This   fact    was   known    to    Matteucci*,   the 

lienomenon  was  also  investigated  by  Naccarif,  and  Elster  and 

eitel  J  and  was  subsequently  discovered  independently  by  Shelford 

idwell  § ;  of  late  years  it  has  been  the  subject  of  investigations  by 

|,  Schmidt  IT,  Harms**  and  Bloch-H"-     Barus  made  experi- 

tentA  to  see  if  the   ionising  properties  of  the   phosphorised  air 

tould  be   exerted  through  thin   films   of  various   materials,  the 

only  films  through  which  he  could  get  an  appreciable  effect  were 

those  made  of  thin  lissue  paper,  and  here  the  effect  seemed  to 

gtiake  its  way  through  the  pores  rather  than  through  the  material 

15  on  oiling  the  paper  to  stop  up  the  pores  the  transmission 

Banis  found  that  the  air  which  had  passed  over  phos- 

was   very  active  a.s  a   cloud   pnHlucer.     If  hydrogen   is 

sed    over   phosphorus    it   dues    not    become    a    conductor   of 

sctricity. 

I    *  Mtllencci,  Eneyelopirilia  llritannica  (I8S5  edition),  viii.  p.  623. 
I   t  Nwicari.  Atli  delU  Seiftuf  de  Toriao,  r\v.  p,  252,  ISiH). 

:  BUIcrud  OrilaUWied.  Ann.  mix.  p.  S21,  IHUO. 

I  Sheltord  fiidwell,  Saiuri.  (Hi.  p.  313,  1BD3. 

U  BWUB,  KtyfTiMcHU  leith  ianiud  air,  Wnshiiieton,  litOl. 

n  O.  a  Sohmidt,  Am.  drr  Fky:  x.  p.  704.  1M)3. 

•  Barmt^  Pb^:  Ztiuthx.  iv.  p.  Ill,  1903. 
""    "       nn  dt  Cbtmie  tl  dc  rhgiiiiu,  [8],  iv.  p.  25,  1005. 
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Recent  (.■xperiments  made  by  Harms  and  Bloch  have  proved 
that  the  conductivity  of  the  air  which  has  passed  over  phosphorus 
is  due  to  the  presence  of  ions  in  the  gas.  Thus  Bloch  has  shown 
that  the  conductivity  can  be  taken  out  of  the  phoephorised  air  by 
making  it  piws  through  a  strong  electric  field,  a  property  character- 
istic of  an  ionisL'd  gas. 

Bloch  and  Harms  have  shown  that  the  current  through  tl» 
phosphorised  air  can  be  saturated  but  that  in  consequence  of  t^  J 
inertness  nf  tin-  ian^  intense  field  to  drive  all  tlu-fl 

ions  to  the  clectnxic  ned  the  velocity  of  the  ioM     , 

under  an  electric  fie  t,  as  in  all  known  cases  when 

the  ions  are  produci  tion,  the  mobility  of  the  ions 

was  very  small  comp  f  ions  produced  by  Rijntgen 

rays,  the  velocity  of  hosphorised  air  being  for  the 

same  electric  field  c  >  of  that  of  ions  produced  by 

RSntgen  rays ;  this  .  is  in  the  phosphorised  air  are 

of  very  considerable  i  comparable  with   10^  cm. 

Bloch   has   also   deter, . ....         iie   of   a,   the   coefficient  of 

recombination,  for  the  ions  in  the  phosphorised  air  and  finds  that 
this  too  is  only  about  one- thousandth  part  of  a  for  the  ions 
produced  by  Rdntgen  rays.  All  the  properties  of  the  phosphor- 
ised air  indicate  that  the  ions  in  it  are  some  oxides  of  phosphorus 
collected  around  charged  nuclei ;  the  production  of  a  cloud  when 
the  air  comes  into  contact  with  damp  air  is  quite  in  accordance 
with  this  view,  as  these  oxides  are  soluble  in  water  and  would  thus 
lower  its  vapour  pressure  and  produce  condensation. 

Ozone  is  produced  when  oxygen  passes  over  phosphorus,  but 
Gockel "   has  shown  that   the   ozone   may  be  absorbed   without 

destroying  the  conductivity. 

Both  Harms  and  Bloch  have  shown  that  the  number  of  ions 
produced  when  oxygen  passes  over  phosphorus  is  very  small  in 
comparison  with  the  number  of  oxygen  atoms  which  enter  into 
combination  with  the  phosphorus. 

Eister  and  (leitel  f  have  shown  that  the  conductivity  produced 
by  passing  air  over  sulphur  even  at  a  high  temperature  is 
exceedingly  small  compared  with  that  produced  by  phosphorus. 

•  Ooekel.  Phyi.  Zeiltchr.  iv.  Aug.  IS,  1908. 

t  EUter  and  0«itel,  Witd.  Ann.  mix.  p.  8S1,  ISM. 
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Gonductivitj/  prodiwed  bi/  Hydraiimi. 
Le  Bon^  haa  shown  that  the  hydration  and  dehydration 
Piftf  certain  salts  produce  conductivity  in  the  surrounding  gas.  The 
most  conspicuous  case  is  that  of  sulphate  of  quinine,  when  sulphate 
of  quinine  is  heated  above  a  certain  temperature  and  then  allowed 
to  cool,  the  quinine  phosphoresces  and  the  air  over  the  salt 
|_becouie3  a  conductor  of  electricity.  This  seems  to  be  a  case 
r  ionisation  by  chemical  action  and  not  the  emission  of  ionising 
iation  from  the  sulphate,  for  Miss  Gatesf,  who  has  made  many 
experiments  on  this  subject,  found  that  the  effect  on  the  air 
disappeared  if  the  sulphate  were  covered  with  the  thinnest 
aluminium  foil  procurable.  Miss  Gates,  and  later  Kalahne^, 
lUnd  that  the  current  of  electricity  from  the  quinine  through 
pe  air  was  greater  when  the  quinine  was  positively,  than  when 
Wiis  negatively  charged,  and  that  the  difference  was  greater 
I  the  conductivity  was  due  to  hydration  than  when  it  was 
be  lu  dehydration.  This  result  indicates  an  excess  of  positive 
tos  in  the  air. 

When  the  water  of  crystal  ligation  is  driven  off  salts  by 
ising  them  to  a  high  temperature  there  is  in  many  cases  a 
■duction  of  ions. 

Another  very  interesting  case  of  the  production  of  ions  is  that 

mvered  by  Beattie§  and  which  haa  also  been  investigated  by 

rett  and  Willows||.     Beattie  found  that  if  a  mixture  of  sodium 

hlorido  and  ifxline  is  sprinkled  over  a  metal  plate  and  the  plate 

lated  to  a  temperature  somewhat  over  300°  C.  large  quantities  of 

witive  ions  and  smaller  quantities  of  negative  ones  are.  gi  ven  off  by 

e  salt,  the  number  of  these  ion»  increases  rapidlyas  the  temperature 

I  locreaiies.   This  and  similar  effects  have  been  investigated  by  Garrett 

and  Willows;  they  find  that  the  ionisation  observed  by  Beattie  is 

due  to  the  formation  and  subsequent  dissociation  of  the  iodide  of  the 

IetiU  of  which  the  plate  is  compfised.  Heating  ZnClj  or  Znlj  in 
atinum  vessels  they  fiud  that  these  salts  at  temj>eratures  above 
W  C.  give  off  large  quantities  of  ions,  the  rate  increasing  rapidly 


*  Im>  Bon,  r<»N;>t.  Itfnii.  ciix.  p.  891,  1!W0. 

■I-  UUh  Oales,  Pliyn.  Rev.  iviii,  p.  ISS,  IMJ. 

:  lUlBtint-.  dun.  dir  I'hyt.  iriii.  p,  IfiO.  100^. 

9  BcMtiB.  I'l.U.  Wop.  I.)],  ilviii.  p.  07.  WBU  -,  |6]  L  p.  J22,  IWll. 

il   Onrrett  in.l  Willow*.  Phii.  :Hag.  ii.  8,  p.  4RT.  I'MH. 
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with  the  temperature.     They  found  too  that  if  a  quantitv  of  ZeI, 
was  kept  at  a  constant  temperature  the  rate  at  which  the  evolution 
of  ions  took  place  diminished  according  to  an  expoQential  fimctioo 
of  the  time,  i.e.  could  be  represented  by  an  espression  of  the  form 
£-*' ;  at  the  temperature  of  360'  C,  the  rate  of  production  of  ions 
fell  to  half  it3  original  value  in  about  41  minutes.     They  also 
determined  the  velixdty  of  the  ions  in  an  electric  field  and  found 
that  in  this,  as  in  the  other  cases  of  ionisation  by  chemical  action, 
the  velocity  is  very  small  compared  with  that  of  ions  produced  by  ■ 
Rontgen  niys.     When  the  temperature  of  the  salt  was  360'  (X  1 
they  found  for  the  positive  ions  coming  from  ZnCl,,  ZnBr,,  or  Znl|.  I 
the  velocity  of  6  x  10~*  cm./8cc.  for  a  potential  gradient  of  one  J 
volt  per  centimetre.     The   velocity  of  the  negative  ion  seemed'l 
considerably  larger  hut  very  irregular.     An  interesting  quealion, 
the  answer  to  which  is  still  uncertain,  is  what  is  the  carrier  of  th« 
I)ositive  charge  which  forms  the  nucleus  of  the  positive  ion  when 
such  a  salt  as  Znl^  is  heated,  is  it  an  atom  of  zinc  or  one  of  hydrogen 
derived  from  the  moisture  which  such  a  hygroscopic  salt  is  likely 


Many  salts  when  heated  to  redness  give  out  much  laiger 
quantities  of  ions  than  metals  at  the  same  temperature.  Some 
salts  give  out  an  excess  of  negative,  others  of  positive  ions,  all  the 
lower  oxides  I  have  tried  give  an  excess  of  negative,  and  all  the 
phosphates  of  positive. 

There  are  many  other  cases  in  which  it  is  probable  that 
chemical  action  is  the  cause  of  the  emission  of  corpuscles  and  thus 
of  electrical  separation.  We  have  seen  that  when  metals  are 
stimulated  by  the  action  of  ultra-violet  light,  high  temperature, 
Rontgen  ravs,  or  the  radiation  from  radio-active  substances,  the 
atoms  of  the  metal  give  out  corpuscles.  May  not  the  same  eflfect 
be  produced  by  the  stimulus  or  disturbance  given  to  the  atom 
when  it  takes  part  in  a  chemical  reaction  ?  That  some  such 
effect  is  produced  seems  probable  from  the  behaviour  of  some 
oxides  when  heated,  the  oxides  of  calcium  and  barium  give  out 
as  Wehnelt  has  shown  large  quantities  of  corpuscles.  This  does 
not  seem  altogether  due  to  the  high  temperature  of  the  atom  of 
calcium  in  the  compound,  for  if  that  were  the  cause  the  rate  of 
emission  might  be  expected  to  be  of  the  same  order  for  different 
compounds  of  calcium  and  also  for  the  metal  itself:  it  is  however 
very  much  greater  for  the  oxide  than  for  the  metal  or  any  other 
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salt  yet  investigatijd,  iodeed  the  phosphate  gives  out  at  not  too 
high  temperatures  an  excess  of  positive  electricity  instead  of  an 
excess  of  otirpuscles.  These  factors  suggest  that  in  the  case  of  the 
oxide  there  are  chemical  changes  going  on  in  which  the  calcium 
atom  gets  disturbed  and  emits  a  copious  supply  of  corpuscles. 

In  the  case  of  barium  oxide  which  also  emits  corpuscles  when 
iat«d  it  is  known  that  there  is  a  transformation  from  one  oxide 
I  another  at  high  temperatures,  in  these  transformations  the 
boms  of  barium  might  be  expected  to  be  disturbed  and  caused  to 
^rpuscles. 


SUctrijicali'on  produced   by   the   buhhliiig   of  air   through    water, 
the  splashing  of  drops. 
210.     Lord  Kelvin*  showed  that  air  bubbled  through  water 
ried  with   it   a  negative  charge,  the   amount  of  this  charge 
)ending  upon  the  purity  of  the  water,  the  addition  of  salts  or  acids 
>  the  water  diminishing  the  effect,  and  in  some  cases  reversing  the 
I  of  the  electrification.     The  closely  connected  effect  produced 
'  the  splashing  of  drops  had  previously  been  investigated  by 
jenardf ,  whose  attention  was  called  to  the  question  by  the  well- 
Sown  fiict  that  there  is  something  exceptional  in  the  phenomena 
f  atmospheric  electricity  at  the  foot  of  a  waterfall  when  the  water 
ills  upon  the  rocks  and  breaks  into  spray.     Lenard  found  that 
lien  a  drop  of  water  splashes  against  a  plate,  a  positive  charge 
s  to  the  water,  while  the  surrounding  air  is  negatively  electri- 
Thc  amount  of  the  electrification  is  infliienced  to  a  remark- 
i  extent  by  the  purity  of  the  water;  thus  Lenard  found  that 
tile  the  effect  was    very  marked   with  the  exceptionally  pure 
htet  at  Heidelberg,  it  was  almost  insensible  with  the  less  pure 
■iter  at   Bonn.     He   found   too   that  the  splashing  of  a  weak 
[Ution  of  sodium  chloride  produced  positive  instead  of  negative 
Ktriflcation  in  the  air;  thus  while  the  splashing  of  rain  electrifies 
}  air  negatively,  the  breaking  of  waves  on  the  sea-shore  will 
Ij^ectrify  it  positively. 

In  some  exjxtriments  that  I  nuuie  on  the  subjectj,  I  found 
i  the  effects  pToduceil  by  exceedingly  minute  traces  of  some 

•  Lord  Kelvin,  Pn>e.  Rny.  Soc.  Ivii.  p.  S33.  1894. 

t  Lenud,  WUd.  Jan.  ilvi.  p.  S84,  1993. 

:  J.  .1.  TboniMin.  Pliil.  Mag.  v.  ST.  p,  341,  l»'J4. 
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substances  were  exceedingly  large;  thus,  although  rosanilinc  t 
a  very  powerful  colouring  agent,  I  found   that   its   presence  in 
water  could  be  detected  by  the  electrical  effect  before  any  changi'     J 
iu  the  colour  was  apparent-  I 

Kosters*  found  that  while  air  bubbled  through  pure  wnter 
was  negatively  electrified,  the  addition  of  'OO?  per  cent,  of 
sulphuric  acid  to  the  water  made  the  air  coming  through  electri- 
cally neutral,  while  the  addition  of  more  acid  caused  the  air  lo 
be  positively  electrified,  although  the  amount  of  this  was  simI! 
compared  with  the  negative  electrification  due  to  pure  water. 

The  effect  produced  by  the  addition  of  salts  and  acids  Ui  the 
water  on  the  electrification  of  air  passing  through  has  also  been 
investigated  by  Lord  Keh-in,  Maclean,  and  Galtl". 

When  air  bubbles  through  water,  or  when  the  area  of  a  dn'li 
of  water  is  suddenly  increased  by  the  splashing  of  the  drop  against 
a  plate,  a  virgin  surface  of  water  is  exposed  to  the  air ;  if,  aa  seems 
to  be  the  case,  a  double  layer  of  electricity  is  formed  at  this  surface, 
and  if  the  ions  in  the  layer  next  the  air  corae  fi^m  the  air,  then 
there  must  be  left  in  the  air  an  excess  of  negative  ions  if  the  outer 
coating  is  positive,  and  of  positive  if  the  outer  coating  is  negative. 

LenardJ  found  that  electrification  was  produced  by  many 
liquids  besides  water  and  aqueous  solutions;  thus,  mercury-  pro- 
duced a  very  large  effect  of  the  same  sign  as  water ;  if  mercurj- 
is  vigorously  shaken  up  in  a  bottle,  and  the  air  drawn  off,  it  is 
found  to  be  strongly  charged  with  negative  electricity;  turpentine, 
too,  gives  a  large  effect  of  the  opposite  sign  to  that  of  water, 
the  air  being  positively,  the  turpentine  negatively,  electrified. 
The  splashing  of  carbon  bisulphide  also  gives  rise  to  considerable 
electrification,  the  sign  of  the  electrification  being  the  same  as 
for  water. 

The  nature  of  the  gas  surrounding  the  liquid  has  also  a  very 
considerable  effect  upon  the  electrification;  thus  Lenard  found 
that  the  electrification  due  to  the  splashing  of  water  surrounded 
by  hydrogen  was  much  less  than  when  the  water  was  surrounded 
by  air ;  using  very  carefully  purified  hydrogen,  I  got  only  a  verj' 

*  KoBters,  Wtid.  Ann.  liii.  p.  13,  18»9. 

t  Lord  EelviD,  Haclean,  and  Gait,  Phil.  Tratu.  A,  ISSB. 

X  Lenard,  Wird.  Arm.  xlvi.  p.  6S*,  1B93. 
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small  electrification,  and  that  of  the  opposite  sign  to  the  effect 
in  air. 

Recent  experiments  made  by  Kahler*  have  shown  that  the 
absence  of  electrification  when  air  is  bubbled  through  salt  solutions 
is  not  due  to  the  absence  of  ions  but  to  the  presence  of  both 
positive  and  negative  ions  in  equal  numbers,  in  the  case  of  pure 
water  only  negative  ions  are  present.  Aselmannf  has  shown  that 
the  ions  produced  by  the  splashing  of  drops  are  of  many  different 
sizes,  thus  for  the  velocity,  under  the  potential  gradient  of  a  volt 
per  centimetre,  of  the  negative  ions  produced  by  the  splashing  of  pure 
water  he  found  values  ranging  fi-om  4  cm./8ec.  to  2'7  x  10~*  cm./sec, 
the  greater  number  of  ions  having  velocities  between  4  and  1*6  x  10~* 
cm./sec.  For  the  ions  produced  by  the  splashing  of  a  0*2  per  cent, 
solution  of  NaCl  he  found  the  velocities  of  the  negative  ions  to 
range  fix)m  4  cm./sec.  to  1*9  xlO"'  cm./sec,  while  the  velocities  of 
the  positive  ions  were  between  8'8xl0~*  cm./sec.  and  3'4xl0~* 
cm./sec. 

•  Kahler,  Arm,  der  Phyt.  xii.  p.  1119,  1903. 
t  Aselmann,  Ann.  der  Phy$,  zix.  p.  960,  1906. 
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211.  We  have  hitherto  mainly  been  discussing  cases  in  wticb 
the  ioniBation  was  produced  independently  of  the  electric  ficid 
acting  upon  the  gas,  we  shall  now  proceed  to  the  consideration  uf 
cases  in  which  the  ionisation  is  mainly  due  to  the  action  of  the 
electric  field  itself,  and  when  the  electric  field  before  sending  the 
electric  current  through  the  gas  has  first  to  make  the  gas  a  con- 
ductor. Cases  when  iontaation  is  produced  by  an  electric  field  have 
already  been  considered  on  jij).  270  ei  seq.,  we  sh;i!l  utiw  i-onsidfr 
the  most  familiar  case  of  this  kind — the  electric  spark.  To  take 
as  simple  a  case  of  this  as  possible,  let  us  suppose  that  we  have  two 
large  metal  plates  parallel  to  one  another  and  near  together,  let  the 
plates  bo  placed  in  connection  with  a  large  battery  of  cells  or  some 
other  means  of  producing  a  difference  of  potential  between  them; 
then  if  we  start  with  a  very  small  diflference  of  potential  between 
the  plates  the  only  current  which  will  pass  bora  one  plate  to  the 
other  will  be  the  very  small  one  due  to  the  spontaneous  ionisation 
of  the  gas  between  the  plates ;  this  current  is  not  luminous  and  ia 
proportional  to  the  distance  between  the  plates,  and  so  by  pushing 
the  plates  near  together  may  be  made  as  small  as  we  please.  On 
measuring  the  potential  difference,  however,  a  stage  is  reachetl 
when  a  current  accompanied  by  luminosity  passes  between  the 
plates,  and  when  this,  the  sparking  stage,  is  reached  the  potential 
differences  between  the  plates  remain  approximately  constant,  even 
when  the  number  of  cells  in  the  circuit  coimecting  the  two  plates 
is  increased.  The  potential  difference  between  the  pUtes  when 
the  spark  passes  depends  upon  the  distance  between  the  plates, 
i^.  the  length  of  the  spark,  and  on  the  nature  and  pressure  of  the 
gas  in  which  the  plates  are  immeraed ;  the  investigation  of  the 
connection  between  these  quantities  has  occupied  the  attention 
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r  many  observers.  Before  we  consider  their  reaiilta.  it  will  be 
(ill  to  consider  some  properties  of  the  spark  which  have  an 
lortant  effect  on  the  acciiracy  of  such  observations. 

S12.  We  shall  call  the  greatest  potential  diB'erence,  which  can 
be  applied  to  the  electrodes  for  an  indefinitely  long  time  without 
causing  the  spark  to  pass,  the  spark  potential  difft-rence.  It  miint 
not  be  supposed,  however,  that  whenever  a  potential  diS'erence 
just  greater  than  this  is  applied  to  the  plates  a  spu-k  always 
passes ;  it  frequently  happens  that  if  the  potential  difference  is 
_wly  applied  fur  a  short  time  the  air  between  the  plates  can  sustain 
Kmuch  greater  diffenmce  of  potential  than  the  spark  poti^ntial 
ihout  a  spark  passing  through  it.  Thus  Faraday*  long  ago 
lerved  that  it  takes  a  greater  potential  difference  to  start  the 
spark  than  is  required  to  keep  up  the  sparks  when  once  they 
mve  been  started,  and  that  the  effect  of  one  spark  in  facilitating 
"the  passage  of  its  successors  does  not  die  away  until  the  gas  has 
rested  for  several  minutes.  I  found  that  if  the  gas  is  dried  with 
extreme  care  it  is  possible  to  get  it  to  stand,  without  a  spark  pass- 
ing, a  potential  difference  three  or  four  times  as  large  as  that 
which  is  sufficient  to  produce  a  spark  in  less  perfectly  dried  gasf. 
The  dry  gas  seems,  however,  to  be  in  an  unstable  state  as  lar  as  its 
electrical  properties  are  concerned,  for  when  once  a  spark  has  been 
forced  through  it  the  potential  difference  between  the  plates  falb 
to  the  value  for  a  moist  gas,  and  the  gas  is  not  again  able  to 

Rud  a  greater  potential  difference  until  it  has  rested  for  several 
Outes ;  this  result  suggests  that  if  we  had  a  perfectly  dry  gas  it 
ghl  not  be  possible  to  start  a  s^mrk  through  it.  The  gas  would, 
however,  be  in  an  unstable  state,  and  may  be  compared  to  a  8Uj)er- 
saturated  solution  into  which  a  foreign  body  has  to  be  introduced 
before  crj'atallifiation  begins,  though  the  process  once  started  con- 
i  until  the  solution  ceases  to  be  supersaturated.  Another 
'  would  be  a  gas  supersaturated  with  aqueous  vapour, 
1  for  cfjndensation  to  take  place  we  require  the  presence  of 
dci  round  which  the  drojis  rnay  condense.  The  tendency  of 
)  to  get  into  this  electrically  unstable  state  is  much  dimio- 
i  by  the  presence  of  moisture,  or  of  gases  from  Hanies,  sparks, 
I  arcs,  by  the  illumination  of  the  catho<ie  by  ultra-violet  light,  or 
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by  the  exposure  of  the  spark-gap  to  Rontgen  or  Bectjiierel  rays,  to 
short  by  any  agent  which  introduces  ions  into  the  field.  War- 
burg* haa  made  very  extensive  researches  on  th«  effect  prudac«d 
by  several  of  these  agents  on  the  [jasenge  of  sparks ;  the  method 
he  used  consisted  in  measuring  the  interval  between  the  applica- 
tion of  a  potential  diflference  greater  than  the  spark  potential  and 
the  passage  of  the  npark;  this  interval,  which  may  be  severd 
minutes  when  the  potential  only  just  exceeds  the  spark  potential, 
diminiahea  as  the  potential  difference  increases,  we  shall  call  il 
the  'lag'  of  the  spark.  The  amount  of  the  '  lag"  has  an  iinport- 
M]t  effect  on  many  phenomena  connected  with  sparks;  thns  fcr 
example  if  it  is  great  and  an  induction  coil  or  some  other  macliiti* 
fiimishing  a  verj'  rapidly  changing  potential  be  used  to  produw 
the  spark,  the  terminals  may  support  for  the  short  time  during 
which  the  electric  field  lasts  a  pitential  difference  which  would 
produce  a  spark  if  the  lag  were  short ;  in  a  case  like  this  au  agent 
might  make  the  spark  pass  by  diminishing  the  time  of  \ag 
even  though  it  had  no  effect  on  the  spark  potential.  A  notable 
instance  of  this  in  the  effect  prmhiced  by  ultra-doJet  light  ra 
sparks  passing  between  the  terminals  of  an  induction  coil.  Hertsf 
showed  that  the  exposure  of  the  spark-gap  to  such  light  6icilitated 
the  passage  of  the  spark ;  E.  Wiedemann  and  EbertJ  showed  that 
if  the  negative  electrode  is  screened  off  from  the  light,  leaving  the 
spark-gap  and  positive  electrode  illuminated,  no  effect  is  produced; 
we  have  seen  (Chapter  X.)  that  the  illumination  of  a  negatively 
electrified  body  leads  to  a  discharge  of  negative  ions,  and  that  no 
ions  are  produced  when  the  body  is  positively  electrified.  Swyn- 
gedauw§  found  that  if  the  positive  electrode  was  large  its  illu- 
mination helped  the  spark :  it  is  possible  that  with  lat^e  electrodes 
sufficient  light  may  be  reflected  from  the  positive  to  the  negative 
electrode,  or  to  some  body  in  the  neighbourhood  of  the  positive 
electrode  which  is  negatively  electrified  by  induction,  to  cause  the 
negatively  electrified  body  to  emit  ions. 

Wiedemann  and  Ebert  (I.e.)  showed  that  the  nature  of  the 
gas  had  considerable   influence   upon  the  amount  of  the   effect 
•  Warburg,  Sin.  Akad.  d.  ITimiwc/i.,  Berlin,  lii.  p.  223,  1896  ;  Witd.  Ann.  lii. 
p.  l,]896;l»ii.  p.  885.1897. 

t  Hertz,  med.  Ann.  mi.  p.  983,  1887. 
t  E.  Wiedemami  and  Ebcrt.  Witd.  Anu.  xxxui.  p.  a«.  1888. 
%  BwjDgedauw,  llapparU  praenlft  au  Congrif  IntematioHal  de  Phyiiiitu.  Paris, 
iii.  p.  164. 
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xlnced  by  ultra-violet  light,  the  effect  being  especially  large  in 
c  acid  gas  (the  currents  due  to  photo-electric  effects  in  this 
i  are  much  larger  than  in  air).  Warburg"  showed  that  the 
l^ief  effect  of  the  ultra-violet  light  was  to  dintioish  the  '  lag '  and 
'  that  the  effect  on  the  spark  potential  was  comparatively  small. 
This  is  clearly  shown  by  the  figures  given  in  the  foUowiag  table, 
taken  from  Warburg's  paper:  the  potential  difference  was  produced 
by  a  battery  of  storage  cells,  and  a  contact  make  and  break  was 
used,  by  means  of  which  the  potential  difference  was  applied  to 
the  air-gap  for  a  short  interval,  in  this  case  '0012  sec.  The  frac- 
tions in  the  table  have  for  their  numerators  the  number  of  times 
a  spark  [KissfHi  when  the  potential  difference  was  applied  for  this 
time,  and  for  their  denominators  the  number  of  times  the  potential 
difference  was  applied ;  thus  the  fraction  ^  indicates  that  the 
spark  never  passed,  and  the  fraction  ^  that  it  always  did  so.  The 
gas  used  in  these  experiments  was  hydrogen  at  a  pressure  of 
1 1  mm.  of  mercury,  the  spark  potential  was  960  volts  in  daylight, 
1080  in  the  direct  light  friam  an  arc  lamp,  and  1260  when  this 
light  had  passed  through  glass.  The  electrodes  were  platinum 
Spheres,  7  mm.  in  diameter,  and  the  spark  length  was  4'5  cm. 


Poteulial  Differenoe 
inTolU 

i 

1 

1 

i 

s 
ft 

ft 

i 

i 

i 

1 

1 

ft 

i 
ft 

ft 

« 

M 

A 

ft 

A 

ft 

A 

In  daylight    

In     the     ^-      light 
through  glass    

lo  thearclight 

^%9 


It  will  be  seen  from  this  table  that  while  in  the  dark  the 
■k  does  not  alwaj-s  pass  even  when  the  potential  difference 
9  times  that  required  to  produce  a  spark  when  the  field  is  con- 
tinuous, in  the  arc  light  a  potential  difference  only  a  little  greater 
than  the  minimum  required  to  produce  a  spark  always  produces 
a  spark :  the  table  shows  too  that  daylight  produces  a  very  pt-r- 
ceptible  diminution  of  the  '  lag.' 


*  Wttrburg,  Sitt.  Akad.  drr  tVii. 


i,  1896. 
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Warburg*  showed  that  the  '  lag '  in  a  very  drj'  gas  was  moch 
longer  than  in  one  containing  a  small  quantity  of  water  vapour:   I 
the  difficulty  of  starting  the  electric  discharge  in  very  carefhllj' 
dried  gas  has  already  been  alluded  to. 

The  importance  of  the  '  lag '  in  relation  to  the  mechanism  of 
the  spark  discharge  seems  tirst  to  have  been  realised  by  Jaumannt. 
who  pointed  out  that  while  it  lasted  some  process  must  be  gobg 
on  in  the  gas  which  converts  it  from  an  insulator  to  a  conductor. 
During  this  process  no  light  can  be  detected  even  in  the  darkest 
room,  and  both  Janmann  and  Warburg  failed  to  find  by  direct 
experimi^nts  with  electroscopes  any  indication  of  a  current  passing 
through  the  gas  at  this  stage.  Warburg},  however,  at  low  pres- 
sures observed  some  eEFects  which  seom  to  indicate  that  during  the 
lag  there  is  a  current  passing  through  the  gas  although  it  is  U<j 
small  to  be  detected  by  an  electroscope  or  to  produce  any  lumi- 
nosity. The  evidence  for  this  is  based  on  the  effect  produced  by 
a  magnet  on  the  discharge  through  a  gas  at  low  pressure ;  a  dis- 
charge is  hindered  by  the  action  of  a  transverse  magnetic  fieW 
owing  to  the  deflection  of  the  iona  which  wirry  the  current; 
Warburg  showed  that  the  magnetic  field  not  only  hampered 
the  luminous  discharge,  it  also  produced  a  great  increase  in  the 
duration  of  the  '  lag ' ;  he  concluded  from  this  that  during  the  lag 
there  is  a  feeble  current  which  is  essential  for  the  production  of 
the  spark,  and  that  the  magnetic  field  by  hampering  this  current 
prolongs  the  time  which  has  to  elapse  before  the  spark  can  pasi 
Walter  §  by  taking  jjhotographs  of  sparks  on  rapidly  moving 
plates  has  shown  that  a  bright  spark  is  preceded  by  feintly  lumi- 
nous brush  discharges.  We  shall  see  when  we  consider  the  theory 
of  the  spark  discharge  that  the  formation  of  a  preliminary  current 
is  necessary  for  the  production  of  the  spark  unless  the  potential 
difference  is  very  great. 

Effect  of  rapid  variations  in  the  potential  of  the  termintUs  w 
the  passage  of  a  spark. 
213.     Jaumann||  has  made  some  interesting  experiments  on 
the  effect  on  the  spark  length  of  rapid  changes  in  the  electrical 

•  Warburg,  Wied.  Am.  liii.  p.  886,  1397. 

t  Jaumum,  ib.  Iv.  p.  656. 

]  Warburg,  ib.  liii.  p.  SS5. 

S  Walter,  ib.  liri.  p.  686,  liviU.  p.  776. 

II  Jaomtan,  Wien.  Siu.  vnu.  '^.  16K,  laSa. 
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condition  of  the  electrodes.     The  experiments  are  of  the  following 
type.     The  main  current  from  an  electrical  machine  charged  the 


condenser  B,  while  the  condenser  C  could  be  charged  through  . 

the  air  space  F,  C  being  a  small  condenser  whose  capacity  was  only 

55  cm.,  while  B  was  a  battery  of  Leyden  jars  whose  capacity  was 

about  1000  times  that  of  (7;  a  wire  was  connected  to  the  inside 

coating  of  B  and  terminated  about  5  mm.  above  the  plate  E, 

which  was  connected  with  the  earth.     A  glow  discharge  passed 

from  the  wire  to  the  plate,  and  the  difference  of  potential  between 

the  outside  and  inside  coatings  of  the  jars  B  was  constant  and  equal 

to  about  12  electrostatic  units.     When  the  knobs  of  the  air  break 

F  were  suddenly  pushed  together  a  spark  about  5  mm.  in  length 

passed  across  the  air  break  and  in  addition  a  bright  spark  5  mm. 

long  jumped  across  the  air  space  at  e  where  there  was  previously 

only  a  glow.     The  passage  of  the  spark  at  F  put  the  condenser  G 

in  connection  with  B,  and  thus  produced  a  rapid  variation  in  the 

potential  of  the  wire,  and  the  spark  at  E  was  the  result.     From 

experiments  of  this  kind  Jaumann  came  to  the  conclusion  that  if 

V  is  the  potential  difference  between  the  electrodes  the  condition 

dV 
for  sparking  is  that  V  -j-  and  not  V  should  have  a  definite  value, 

80  that  if  we  could  make  the  potential  difference  vary  with  great 
rapidity  it  might  produce  a  spark  even  though  its  magnitude  were 
much  below  the  sparking  value.  I  cannot  see,  however,  that  the 
experiments  justify  this  conclusion ;  it  must  be  remembered  that 
when  we  add  on  the  small  condenser  we  start  electrical  vibrations^ 
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and  that  while  these  are  going  on  the  raaximDm  value  of  the 
potential  in  certain  parts  may  greatly  exceed  the  value  when  ihe 
vibrations  have  died  away.  Thus,  to  take  a  very  simple  case, 
suppose  ^  is  a  very  large  Leyden  jar,  while  B  is  a  very  small  one, 
ctriginally  A  is  charged,  B  is  not,  the  outsides  of  both  are  cunnecwd 
with  the  earth ;  if  the  insides  of  A  and  B  are  suddenly  connected,  , 
then  though  the  6nfll  potential  of  B  will  he  smaller  than  the 
initial  value  of  the  potential  oi  A,  yet  the  maximum  value  during 
the  oscillations  will  be  nearly  twice  as  large  as  the  initial  poten- 
tial oi  A,  and  thus  if  B  were  suddenly  connected  with  A  a  spark 
might  pass  across  the  plates  of  B  although  B  might  stand  without 
sparking  a  potential  difference  equal  to  that  originallj'  existing 
between  A:  the  passage  of  this  spark  would,  however,  be  due  to 
the  oscillation  producing  a  great  increase  in  the  maximum  poten- 
tial difference,  and  would  not  necessarily  indicate  that  with  a  given 
potential  difference  the  spark  would  pass  more  easily  if  this  were 
changing  than  if  it  were  steady.  This  question  has  been  the 
subject  of  much  controversy,  it  is  often  called  the  question  of 
'constant  spark  potential'  iind  has  been  discussed  by  Jiiuruann'> 
Swyngedauw+j  and  K.  R.  Johnson}. 

Variation  of  the  spark  potential  difference  with  the  spark  length 
and  pressure  of  the  gas. 

214.  The  first  measurements  of  the  potential  difference  re- 
quired to  produce  a  spark  through  air  at  atmospheric  pressure  w«e 
made  by  Lord  Kelvin§  in  1860,  since  then  the  subject  has  attracted 
much  attention  and  important  investigations  have  been  made  by 
Baillell,  LiebigH,  Paachen'",  Peaceft,  OrglerS,  Strutt§§,  BoutjUl 


■  JaumanD,  WUd.  Ann.  Iv.  p.  656,  1896;  Witn.  StU.  xorii.  p.  765, 1888. 

t  SwyDgedanw,  Theie:  Contribution  h  I'Etade  d*$  Dieharga,  1897. 

:  Johnson,  Drude't  Arm.  ili.  p.  460,  1900 ;  v.  p.  131,  1901. 

§  Lord  Kelvin,  ColUeted  Papers  on  EUctrottatUi  and  Magnetum,  p.  347. 

II  BiuUe.  AiinaUi  <U  Chimie  et  dt  Pkyigiu  [6],  UT.  p.  48(1.  1882. 

f  Liebig,  Phil.  Mag.  v.  24,  p.  106,  1887.] 
**  Paschen,  Wied.  Ann.  uxvii.  p.  79,  1889. 
+f  Peace,  Proc.  Roy.  Soe.  lii.  p.  99,  1893. 
n  Orgler,  Drudt'i  Ana.  i.  p.  169,  1900. 

a  Stmtt,  Phil.  Tram.  198,  p.  S77,  1900. 
n  Boaij,  Comptet  Rmdui,  181,  pp.  469,  608,  1900. 
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Earhart*.   Carrf    and    RossellJ,    Hobbs§    and    Kinsley  ||.     The 

»  vsluea   of  the   spark   potential   difference   given   by   the   earlier 

htaperimentors  are  as  a  rule  somewhat  larger  than  those  found 

BWder  similar  circumstances  by  more  recent  observers,  probably 

Because  latterly  more  attention  haa  been  paid  to  eliminating  the 

effects  due   to   '  lag ' ;   whenever  '  lag '  is  present   the  potential 

difference  when   the  spark  passes  is  higher  than  the  minimum 

[reqiiired  to  produce  a  spark.    We  shall  first  give  a  general  account 

f  the  laws  which  have  been  brought  to  light  by  the  experiments 

ide  on  this  subject,  reserving  until  the  end  of  the  chapter  the 

which  embody  the  numerical  results  obtained  by  the  above- 

utioned  physicists. 

Let  us  first  take  the  case  where  the  electrodes  are  so  large 
compared  with  the  distance  between  them  and  placed  in  such  a 
position  that  the  lines  of  electric  force  are  parallel  to  each  other, 
this  condition  would  be  fulfilled  if  the  electrodes  were  pEirallel 
kmes  placed  at  a  distance  from  each  other  not  greater  than  a 
mall  fraction  of  their  diameter;  it  is  approximately  fiilfilled  in 
bbe  arrangement  most  frequently  used  where  the  electrodes  are 
lions  of  spheres  of  large  radius  placed  close  together. 
In  the  first  place  the  potential  difference  required  to  produce 
I  spark  of  given  length  does  not  depend  upon  the  metal  of  which 
'  e  electrod<^s  are  made  (it  is  possible  that  aluminium  and  magne- 
L  electrodes  may  be  exceptions  to  this  rule).  Esperiments 
1  this  point  have  been  made  by  Righilf,  Peace,  and  Carr,  Kighi 
ried  electrodes  of  carbon,  bismuth,  tin,  lead,  zinc,  and  copper  and 
t  the  same  potential  difference  with  all  these  substances.  Peace 
I  who  made  very  careful  experiments  with  electrodes  of  zinc 
not  detect  the  slightest  difference  in  the 
tential  difference  required  to  spark  across  them.  Carr  found 
spark  potential  to  be  the  same  with  electrodes  of  brass,  iron, 
,  and  aluminium.  On  the  other  hand.  De  la  Eue  and  Hugo 
UlUler**  came  to  the  conclusion  that  sparks  pass  more   easily 

•  EftrWt,  Phil.  Mag.  ri.  1,  p.  147,  1901. 
+  Care,  Pne.  Itoy.  Soc.  Iwi.  p.  37*,  1M3. 
t  BuweU,  Phil.  Mag.  [«!,  li.  p.  337,  IIHW. 
g  HoblM,  Phil.  Mag.  [6],  I.  p,  617.  1906. 

a;,  Phil.  Mag.  [6],  ix.  p.  tfJ2.  llfOS. 
^  Bighi,  JVuOTo  Citntnlo  (2),  iri.  p.  a7,  1916. 
**  De  U  Bue  and  Miiller,  Phil.  Traiu.  lOD.  Pt.  1.  p.  <I3,  ISDSI. 
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between  aluminium  electrodes  than  between  electrodes  of  uy 
other  metal,  but  that  with  this  exception  the  nature  of  the  elec- 
trodes has  no  influence  upon  the  spark  length.  It  is  worthy  "f 
remark  that  tfae  cathode  lall  of  potential  which  is  very  closely  con- 
nected with  the  spark  potential  does  not  diSer  by  more  than  a  few 
volts  for  electrodes  of  all  the  metals  used  by  Bighi ;  for  aliiminiiirn 
and  magnesium  electrodes,  however,  it  is  decidedly  smaller. 
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The  connection  between  the  spark  potential  and  the  sparkP 
ngth  is  represented  by  the  curves  given  in  Figs.  105,  106,  107, 
id  108  for  air,  hydrogen,  and  carbonic  acid  and  coal  gas  at 
bmospheric  pressure,  the  ordinates  are  proportional  to  the 
otential  diflference  required  to  produce  a  spark  of  a  length  repre- 
mted  by  the  abscissae. 

The  curves  in  Figs.  105 — 108  are  due  to  Liebig  (I,  c),  who 
sed    spherical   electrodes    19*5    cm.    in   diameter.     The   curves 
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Fig.  107. 


inning  up  to  the  vertical  axes  represent  the  connection  between 
be  average  value  of  the  electric  intensity,  i,e.  V/d,  where  V  is  the 
park  potential  and  d  the  spark  length,  and  the  spark  length. 
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b      It  will  be  Been  that  except  for  very  short  sparks  the  curves 
r  representing   the   relation   between    V  and  d  are  approximateh 
.    straight  lines,  so  that  for  moderately  long  sparka  the   relaUon 
between  V  and  d  would  be  of  the  form 


where  a  and  b  are   constants.     Chrystal'   has   shown   that  the 
simple  relation 


where  V  is  meftsiire  units  and  d  in  cenUmetres, 

agrees  with  Bailie's  v  jrimenta  On  the  spark  potem- 

tial  in  air  at  atoiosph  e  as  well  if  the  spark  lei^tlL 

exceeds  2  mm.  a^  the  I  formula 


0-08)  d 


IgUL  J 

bertl 
Dtialn 


proposed   by   Bailie  Foster    and    Prysonf 

found  that  the  lineai  bd  was  the  one  which 

represented   the   res  lerimcnts   on  the  potential'i' 

difference  required  to  sparK  inrongn  gas  at  atmospheric  pressure. 

215,  The  curves  we  have  given  do  not  however  give  any  indica- 
tion of  the  relation  between  the  spark  potential  and  the  spark 
length  when  the  latter  is  exceedingly  small.  When  the  spark  length 
falls  below  a  certain  value  which  is  inversely  proportional  to  the 
pressure,  and  which  we  shall  call  the  critical  spark  length,  the 
potential  difference  has  a  minimum  value,  and  if  the  spark  length  is 
still  further  diminished  the  spark  potential  begins  to  increase  and 
goes  on  increasing  until  the  spark  length  gets  down  to  about  10~*  cm., 
when  it  very  rapidly  diminishes.  The  increase  of  the  spark  poten- 
tial due  to  a  diminution  in  the  spark  length  was  first  observed  by 
Peace;  as  the  critical  spark  length  at  atmospheric  pressure  is 
exceedingly  small,  only  about  '01  mm,,  it  is  difficult  to  experiment 
with  sparks  short  enough  to  show  the  effect,  as  however  the 
critical  spark  length  varies  inversely  as  the  pressure,  we  can  by 
diminishing  the  pressure  increase  the  critical  spark  length  until  its 
observation  becomes  comparatively  easy.  Perhaps  the  simplest  way 
of  showing  the  effect  is  to  use  slightly  curved  electrodes  and  to 
observe  the  position  of  the  spark  as  these  are  brought  closer 

*  CbiTBtal,  Proe.  Soy.  Soc.  Edin.  xi.  p.  4ST,  ISSa. 

t  Gftrsf  Foster  mad  Pijion,  CIttmieal  Ntvi,  lUi.  p.  114,  1884. 


f 


SPARK    DISCHAJiaB.  441 

'together.  Wheo  the  electrodes  are  at  some  distance  apart  the 
spark  passes  along  the  shortest  line  between  them  ;  aa  the  electrodes 
are  pushed  together  it  will  be  found  that  a  stage  is  reached  when 
the  spark  no  longer  passes  along  the  shortest  line,  but  goes  to 
one  side,  taking  a  longer  path,  showing  that  it  is  easier  to  pro- 
duce a  long  Bpark  than  a  short  one ;  with  this  amingement  the 
'potential  difference  required  to  produce  the  spark  does  not  vary 
as  the  electrodes  are  moved  nearer  together,  it  remains  constant 
and  equal  to  the  minimum  potential  difference  required  to  pro- 
duce a  spark ;  the  spark  length  too  is  constant  and  equal  to  the 
critical  spark  length ;  the  position  of  the  spark  is  determined  by 
the  condition  that  it  passes  at  the  place  where  the  disttvnce  be- 
tween the  electrodes  is  equal  to  the  critical  spark  length.  In  order 
to  measure  the  increase  of  potential  difference  due  to  the  dimi- 
nution in  spark  length  it  is  necessary  to  use  perfectly  Hat  and 
parallel  electrodes,  when  these  are  pushed  together  the  length  of 
'iC  spark  is  necessarily  diminished.  The  electrodes  used  by  Carr 
c.)  are  repi-esented  in  Fig.  109 ;  they  were  plane  brass  plates 
ibedded  in  ebonite  and  separated  by  ebonite  rings  of  different 


Fig.  10i». 

tpcknesses.     With  this  apparatus  Carr  obtained  the  results  givt 
b  the  following  tables : 

Pressure  202  mm. :  gas — air. 


Spark  length 

SpKrk  poteDti&tiu  Toiti 

1  mm. 

e.56 

371 

3iaio. 

a.',7 

5  mm. 

37fi 

10  mm. 

47:2 
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PreMOre  1'05  mm.:  gas— air. 


St^AUagOi 

Sput  poteQlal  m  mto 

1mm. 

1836 

2mnk 

5M 

Smin. 

asn 

ft  mm. 

ass 

10  mm. 

379 

The  e^ect  is  even  more  strongly  marked  id  hydn^eo,  as  the 
following  table  shows. 


Preeeure  26  mm 

:  gas— hydn^fea. 

ap«fel«ii|ih 

SpMfe  potonlial  in  nrfta 

fi  irnn! 
iOuitn. 

I7B1 
46B 

396 
285 
317 

m 


i 


In  each  of  these  cases  the  spark  potential  for  the  shortest 
spark  is  greater  than  for  the  longest.  When  the  spark  length 
falls  below  about  5  x  10-*  cm.  the  spark  potential,  as  Earhart  has 
shown,  falls  off  rapidly ;  we  shall  return  to  this  point  later  on.  The 
existence  of  a  critical  spark  length  is  also  proved  by  the  remark- 
able changes  which  take  place  in  the  appearance  of  the  discharge 
when  the  electrodes  are  brought  very  near  together.  Thus  in  the 
course  of  some  experiments  on  the  dischat^  between  lai^e  parallel 
plates  I  observed*  that  at  very  low  pressures  the  discharge  went 
from  the  under  side  of  the  lower  plate,  which  was  the  positive  elec- 
trode, and  round  to  the  top  of  the  upper  plate  j  the  space  between 
the  plates  was  quite  free  from  any  luminous  discharge :  showing 
the  discharge  went  more  easily  round  the  longer  path  than  by  the 
much  shorter  one  between  the  plates.  The  same  thing  is  shown 
in  Figs.  110  and  111,  which  are  drawings  given  by  Lehmannf  of 
the  appearance  as  seen  through  a  microscope  of  the  discharge 
between  electrodes  of  different  shapes  placed  very  near  together, 

*  J.  J.  Thomion,  Proe.  Camb.  Phil.  Soe.  r.  p.  89fl,  IB86. 

t  Lehmuin,  UoUeOlart  Phj/iik,  ii.  p.  29S, 
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.__,  fiimous  experiment  due  to  Hittorf*,  represented  in  Fig.  112, 
lother  illiistralion  of  this.   The  two  electrode*  were  only  1  mm. 


Fig.  110, 

;,  the  regions  around  them  were  connected  together  by  a  long 
il  lube  375  cm-  long ;  in  spite  of  the  enormous  difference  be- 
1  the  lengths  of  the  paths  the  dischjirge,  when  the  p 


Tety  low.  all  went  rouDd  through 
dectrodea  remaining  quite  dark. 


the  spiral,  the  apiice  between 


R.  The  curves  in  Figs.  105 — 108  show  how  rapidly  the 
of  VJd  ( V  being  the  spark  potential  and  d  the  distance 
en  the  plates)  increases  as  d  diminishes.  This  was  observed 
Hittorf,  ff-ird.  Ann.  rri.  p.  W.  l«W. 
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by  Lord  Kelvin  in  1880.  If  the  electric  field  were  tinifonn  Vji 
would  be  the  electric  intensity  between  the  plates ;  in  genera), 
however,  when  a  current  of  electricity  passes  through  a  gas  the 
field  is  not  unit'oriu  but  is  greater  at  one  or  both  of  the  eleclroda 
than  in  the  rest  of  the  field,  we  are  not  justified  therefore  in 
assuming  that  V/d  is  the  maximum  electric  int^isity  between 
the  electrodes. 


Variatim  «/  the  »p(irk  potential  wUh  the  presgure. 

217.  If  the  sjMrk  length  is  constant  and  not  too  small  then, 
Htarting  with  air  at  atmospheric  pressure,  as  the  pressure  ia 
diminished  the  spark  potential  decreases,  the  relation  between  the 
potential  and  pressure  beingattirstalinear  one;  on  fiirther  diminu- 
tion of  the  pres.sure  the  spark  potential  re-achea  a  minimum  value, 
after  this  any  further  diminution  in  the  pressure  is  aocompanied  by 
an  increase  in  the  spark  potential.  The  relation  between  the  epark 
potential  and  the  pressure  ia  represented  by  the  enn*e  in  Fig.  113, 


S  «,__ „ 

S 


Pressnre  in  HUUnetreg 
Fig.  118. 

taken  from  a  paper  by  Carr  (I.  e.) ;  in  this  curve  the  ordinate* 
represent  the  spark  potential,  the  abscisste,  the  pressure;  the 
electrodes  were  parallel  planes  and  the  epark  length  3  mm.    llie 
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reesure  at  which  the  spark  potential  is  a  minimum  is  called  the 
itical  pressure.  Peace  (I.  c.)  showed  that  the  critical  pressure 
spended  upon  the  spark  length,  the  shorter  the  spark  length  the 
reater  the  critical  pressure.  He  showed  too  that  the  minimum 
)ark  potential  was  constant,  being  independent  of  the  spark 
rngth ;  in  air  it  was  equal  to  about  351  volts,  so  that  unless  the 
jark  length  is  less  than  about  5  x  10~*  cm.,  a  potential  difference 
f  less  than  351  volts  cannot  produce  a  spark. 

These  points  are  well  illustrated  by  the  curves  in  Fig.  114,  taken 
'om  Carr's  paper;  they  represent  the  relation  between  the  pres- 
ire  and  the  spark  potential,  for  spark  lengths  of  1,  2,  3,  5,  and 
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Prewois  in  UiUimetrM  of  Uerenrjr 
Fig.  111.    Air. 

0  mm.    The  critical  pressures  for  these  spark  lengths  as  given  by 
/arr  are  as  follows. 


SpMk  length 

Critical  prcMure 

ProdQot  of  spfttk  length 
and  aritieol  preuure 

1  mm. 
8  mm. 
3mm. 
6  mm. 
10  mm. 

4fl8mm. 
2-71  mm. 
1-89  mm. 
1-34  mm. 
■879  mm. 

4-98 
6-42 
6-67 
6-7 
6-79 

U6 
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It  will  be  seen  that  the  piixluct  of  the  critical  pressure  ud 
the  spark  length  is  approximately  constant :  we  must  remeiaW 
that  owing  to  the  flatness  of  the  curves  in  the  neighbourhood  ot 
the  critical  pressure  the  exact  determination  of  the  critical  pn'!>- 
sure  is  a  matter  of  some  difficulty,  especially  with  the  shortrr 
sparks :  the  differences  in  the  product  of  the  critical  pressure  ami 
the  spark  length  are  not  greater  than  could  be  accounted  for  Ijv 
the  errors  in  the  determination  of  the  critical  pressure. 


Piessnre  id  Millimetres 
Fig.  116.    Air. 
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The  same  features  are  shown  by  sparks  through  hydrogen  and 
carbonic  acid ;  the  curves  for  these  as  given  by  Carr  are  shown  in 


.-  ti                 i^la' 

l-:-t4'                 I^S; 

il-  X 

l-'-A   K 

i.lW^v 

i"$^x--s— ='      - 

PreuOTe  in  HiUimetm 
Fig.  117.    Gu-bonio  Dioxide. 


Figs.  116  and  117,and  the  connection  between  the  critical  pressure 
and  the  spark  length  shown  in  the  following  tables : 

Hydrogen.    Minimum  potential  280  volts. 


Spark  length 

Critical  preranre 

Ptodaet  of  spark  length 
and  critical  preasarB 

Imm. 
Snm. 
3  mm. 
Smm. 
lOmiD. 

10-3    mm. 
6'93  mm. 
402  mm. 

2-8    mm. 
l'46mm. 

103 

U'fi 
12-06 
14-0 
14-6 

Carbonic  acid.     Minimum  potential  420  volts. 


Spark  length 

Critical  pteasore 

Product  of  Bpark  length 
and  critical  preaaute 

1  mm. 

2  mm. 

3  mm. 
fimm. 

10  mm. 

6-02  mm. 
2-52  mm. 
1-63  mra. 
1-07  mm. 
-510  mm. 

5-02 
5-04 
4-89 
6-36 

6-1 
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The  ciinstancy  of  the  product  of  spark  length  and  critical 
pressure  in  the  case  of  carbonic  acid  is  very  marked. 

Carr  has  also  given  curves  for  the  connection  between  spark 
length  and  pressure  for  H,S.  SO,.  CO,,  C,H„  O,.  N,0 ;  these  are 
shown  in  Fig.  118. 
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Premnre  in  Hilliowtres 
Fip.  118. 

The  spark  length  for  these  gases  was  3  mm. 

Very  careful  experiments  on  the  relation  between  the  pressure 
and  the  spark  potential  were  made  by  Strutt*  for  air,  hydrogen, 
nitrogen,  and  helium ;  the  experiments  on  nitrogen  and  helium  are 
especially  interesting,  as  the  minimum  spark  potential  in  these 
gases  was  found  by  him  to  be  greatly  affected  by  minute  traces 
of  impurity.  Thus  the  presence  of  a  very  minute  quantity  of 
oxygen  in  nitrogen  increased  the  minimum  spark  potential  from 
251  volts  to  388  volts.  Thus  nitrogen  from  which  the  oxygen  had 
been  removed  by  passing  the  gas  over  metallic  copper  gave  a 
minimum  spark  potential  of  388  Volts,  the  value  of  this  potential 
for  a  specimen  of  nitrogen  prepared  from  air  by  the  absorption  of 
the  oxygen  by  alkaline  pyrogallol  was  347  volts ;  when,  however, 
the  oxygen  was  more  completely  removed  by  bubbling  the  gas 
repeatedly  through  the  liquid  alloy  of  sodium  and  potassium  the 
minimum  spark  potential  fell  to  251.  The  curves  obtained  by 
Hod.  B.  J.  StniU,  Phil.  Trant.  198,  p.  S77,  IKM. 
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Strutt  for  nitrpgen  are  shown  in  Fig.  119.  Curve  No.  2  refers  to 
the  purest  speciinen,  curve  No.  1  to  a  apecimen  which  had  been 
passed  several  times  through  the  sodium  and  potassium  alloy,  but 
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pKMnre  in  Hillimetres  of  Mercury 
Fig.  119.     Nitrogen. 

not  eo  often  as  that  to  which  curve  No.  2  relates :  the  c 

spark  potential  for  this  specimen  was  276  volte.     The  curves  after 

passing  the  critical  pressure  are  parallel. 

The  discharge  through  helium,  which  was  also  studied  by  Strutt, 
presents  many  interesting  features.  Ramsay  and  Collie*  first  drew 
attention  to  the  ease  with  which  the  discharge  passed  through 
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PrMsnre  [n  MItlimetreB  of  Meranry 
Pig.  120.     Helinm. 

helium.   Strutt's  experiments,  the  results  of  which  are  represented 

in  Fig.  120,  rfiow  that  for  a  given  length  of  spark  the  critical 

■  BwtiMj  ud  Oollie,  Pne.  Bof.  Soe.  Ux.  p.  3fi7,  IB96. 
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pressure  is  exrciilingly  high,  being  about  hte  ximt^  chat  of  mh  i^ 
the  same  Bpnrk  liiiKth  and  more  than  twice  that  of  bjTin>t^Ji-  T'^ 
great  effect  of  mrmll  impuntios  oa  ike  minimoni  ^porl 
IB  shown  by  t  iw  ilifforent  curves  in  Fig.  120,  which  refcf  to 
purified  in  (iilTortnt  ways:  the  smallest  value  of  this 
obtained  by  Strutt  waa  261  volte. 

218.     W<'  havi-  HC«D  that  the  prndnct  of  the  ditiol 
the  spark  U-ri^tli  in  couatant  and  is  also  iDdependent  of  tbe 


oftheelectHHlrr- 
contains  th<'  vilIik^h 
mentB  of  Curr  and 
molecules  nt'  the  gi 
exception  of  holinn 
Kinetinohe  Thoorie  a 
Ijord  K(iyli.>i)(h'H  "  e: 
these  free  [mths  an 
the  fnte  paths  "f  tl 
of  th<r  [)rnHHiirc.     Tho  r 


fthegaa;  the  bUowiag tiUe 

;alcalated  &om  tbe  mrnwirr 
<•  mean  bee  paths  (X)  of  the 
ic  pressure;  the^e  with  the 

the  table  in  O.  E.  Meyw's 
at  of  helium  is  deduced  from 

viscosity  of  helium:  though 
ticular  pressure,  the  ratio  of 
ifferenl  gases  is  independenl 
tmn  (3)  are  the  spark  length 


in  millinietres  multiplied  by  the  critical  pressure  measnred  i 
lijjimctres  of  mercury: 


<lft« 

MiDimuniipark 
potential 

3 

XxlO»cm. 

ICxX/f 

341  S. 
251  S. 

466  C. 
(302— 30SS) 

278  C. 
41BC. 

467  G. 
418  C. 
414  C. 

468  0. 
261  S. 

e-7 

6-7 

14-4 
5-1 
33 
5 
6 

27 

■95 

■98 
1-05 
1-8 

■68 

■48 
■68 
■628 

2-6 

-17 
■14 

■la 

■13 

■u 

■14 
•10 

■10 

OnyKon    

Siil|>liiiTOtt«l  hydrogen 

llclimii 

Tho  letters  S.  and  C.  indicate  that  the  measurements  were 
luiiilo  by  Strutt  or  Carr:  no  very  great  accuracy  can  be  claimed 
for  the  values  of  q,  as  the  determination  of  the  critical  pressure  is 
difficult ;  a  small  error  in  the  determination  of  the  spark  potential 
near  this  pressure  would  lead  to  a  large  error  in  the  vslue  of  the 
*  Laid  Bayl^h,  Proc.  Rog.  Soe.  Ixii.  p.  190,  18S6. 
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'Titical  pressure.  Taking  this  into  account,  I  think  the  differences 
sliown  in  the  preceding  table  for  g/X  from  the  coustant  value 
13  are  not,  except  in  the  case  of  sulphuretted  hydrogen  and 
helium,  greater  than  might  be  explained  by  errors  of  experiment. 
In  the  two  exceptions  sulphuretted  hydrogen  and  helium  there 
are  special  circumstances  which  make  us  hesitate  to  accept  the 
results  as  final  without  further  experiment.  Sulphuretted  hydro- 
gen is  decomposed  by  the  spark,  hydrogen  being  liberated ;  if  such 
a  decomposition  had  occurred  in  the  experiments  we  have  used 
for  the  determination  of  q,  the  spark  would  have  passed  through  a 
mixture  of  hydrogen  and  sulphuretted  hydrogen,  the  hydrogen 
would  increase  the  critical  pressure  and  hence  the  value  of  q. 
Again  as  Strutt's  experiments  show,  the  numbers  for  helium  are 
very  greatly  affected  by  the  presence  of  small  amounts  of  impurity, 
so  that  it  would  hardly  be  safe  to  draw  conclusions  fi-om  this  gas 
unless  the  free  path  determination  had  been  made  with  the  same 
specimen  of  gas  as  the  electrical  determinations. 

Wc  may,  I  think,  conclude  that  for  a  large  number  of  gases 
the  value  of  y/X  is  approximately  constant,  i.e.  that  with  a  given 
spark  length  the  critical  pressure  is  proportional  to  the  mean  free 
path  of  the  molecules  of  the  gas. 

tPagcken's  Law. 
219.  Aa  the  result  of  a  series  of  very  numerous  experiments  on 
relation  between  spark  potential  and  pressure,  Paschen*  came 
to  the  conclusion  that  the  spark  potential  depended  only  upon  the 
product  of  the  pressure  and  the  spark  length :  {.e.  upon  the  mass 
of  gas  between  unit  area  of  the  electrodes.  Thus,  if  the  spark 
length  d  and  pressure  p  of  the  gas  are  both  altered,  but  in  such  a 
way  that  their  product  does  not  change,  the  spark  potential   V 

E  remain  constant;  or  in  other  wonJs  K  is  a  function  oipd. 
The  following  results  taken  from  Paschen's  paper  show  how 
rly  the  law  is  obeyed  over  the  range  of  pressures  studied  by 
him:  all  these  pressures,  it  ought  to  be  noticed,  are  considerably 
above  the  critical  pressures.  V  is  the  spark  potential  measured  in 
Sstrostatic  unito,  p  the  pressure  measured  in  era.  of  mercury, 
md  the  spark  length  in  cm.:  the  electrodes  in  these  experiments 
p  sphered  1  cm.  in  radiua 

'  Paschcu,  rri><(.  Ann.  xinviL  p.  70,  ISSB. 
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Air:  pd  =  7-5  Air:  pd  =  2Q 


0-76 
0'38 


Hydrogen : 


34-63 
35-12 
34*77 
3&-39 


»         • 


Hydrogen:  pd  = 


p 

d 

P 

i 

7 

10 

0-75 

9-50 

28-6 

0-7 

1913 

15 

0-50 

9-32 

33-33 

0-6 

ig-i-i 

20 

0-38 

9'47 

40-00 

0-5 

19-43 

25 

0'30 

9-59 

50-00 

0-4 

19-43 

30 

0"26. 

fl-58 

68-6e 

0-3 

20-00 

4(1 

0187 

9-69 

50 

O'lfi 

9-90 

Mcun 

19-45 

75 

0-10 

10'44 

Mean 

9'68 

Carbonic  acid :  pd=T5 


Carbonic  acid :  ^  =  20 


p 

d 

^ 

P 

d 

r 

12-5 

0-6 

16-45 

33-33 

0-8 

33W 

15-0 

0-5 

18-48 

4000 

0-8 

32-86 

20-0 

0-38 

1702 

50-00 

0-4 

3346 

25-0 

0-30 

17-92 

66-66 

0-3 

3411 

300 

0-2r) 

17-79 

40-0 

0-1B7 

18-33 

Mean 

33-e 

50-0 
75-0 

0-15 
0-10 

17-77 
17-21 

Mean 

17-37 
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The  relation  between  the  spark  potential  aad  the  product  pd 
is  shown  in  the  curves  for  air,  bydrogea,  and  carbonic  acid  in 
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Fig.  121,  the  ordioates  are  the  spark  potentials  in  electrostatic 
measure,  the  abscissce  the  values  of  pd. 
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Fig.  133.    Air. 
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Paschen'a  exfKTiments  were  all  made  at  pressures  considerably 
greater  than  the  critical  pressure ;  it  has,  however,  quite  recenlJy 
been  shown  by  Carr  {I.e.)  that  Paschen's  law  holds  at  all  pressuna. 
This  is  very  clearly  shown  by  the  curves  in  Figs.  122,  123,  which 


^  ^ ! o_ij^e«  1 

a  ^ 


Prodnot  of  PreBBUre  and  Distonoe  between  Electrodes 
Fig.  123.    Cu-bon  Dioxide. 

represent  the  relation  between  the  spark  potential  V  (in  this  case 
measured  in  volts)  and  the  product  pd  (p  was  measured  in  milli- 
metres of  mercury  and  d  in  millimetres);  five  different  values  of  d 
were  used,  ranging  from  1  to  10  mm. ;  the  results  of  these  are 
represented  on  the  curve  by  symbols  attached  to  the  points  on  the 
curve  determined  by  the  various  experiments.  It  will  be  seen 
that  the  points  for  all  the  spark  lengths  all  lie  on  the  same  curve, 
and  in  this  case  the  range  of  pressures  extended  &r  below  the 
critical  pressure.  The  results  of  Paschen's  law  are  very  important; 
we  see  that  to  find  the  spark  potential  corresponding  to  any  spark 
length  and  any  pressure  it  is  only  necessary  to  possess  the  results 
of  experiments  made  with  a  constant  spark  length  over  the  whole 
range  of  pressures.  We  see,  too,  that  it  follows  fiwm  this  law  that 
the  critical  pressure  must  vary  inversely  as  the  spark  length,  a 
result  for  which  as  we  have  seen  there  is  direct  experimental 
evidence.  It  follows  too  from  this  law  that  if  we  know  the  values 
of  the  spark  potential  required  to  produce  a  spark  of  constant 
length  for  all  pressures  we  can  deduce  the  value  of  the  spark 
>tential  for  a  spark  of  any  length  at  any  pressure. 
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Potential  difference  required  to  produce  very  short  sparks. 

220.  Earhart*  has  made  a  series  of  expenments  on  the  differ- 
ence of  potential  required  to  produce  sparks  whose  length  is 
comparable  with  the  wave-length  of  sodium  light ;  the  electrodes 
used  were  steel  spheres,  and  the  connection  between  the  spark 
potential  and  the  distance  between  the  spheres  is  shown  in  Fig.  124, 
in  which  the  abscissse  are  the  spark  potential  and  the  ordinates 
the  shortest  distance  between  the  spheres.     In  consequence  of  the 
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coirature  of  the  electrodes,  the  least  distance  between  the  spheres 

is  not  necessarily  equal   to   the   spark   length ;   thus   when   the 

distance  is  less  than  the  critical  spark  length  the  spark  will  pass. 

*  Euhut,  Phil.  Mag.  *i.  1,  p.  117,  IWl. 
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not  across  the  shortest  disUuioti,  but  across  a  place  where  the 
distance  is  equal  to  the  critiojil  spark  length.  Thus  Eiuliart's 
uurvea  do  not  show  the  iucreiise  in  potential  difference  inth 
diminishing  distance  between  the  electrodes  as  they  would  have 
done  if  they  had  been  plane :  the  most  interesting  feature  of  the 
curves  is  the  very  rapid  diminution  in  the  spark  potential  when 
the  distance  between  the  electrodes  falls  to  less  than  about 
3  X  10~'  cm. ;  when  the  distance  is  less  than  this  the  spark 
potential  falls  off  rapidly  with  the  distance,  and  seems  frctt 
Earhart's  results  to  become  directly  proportional  to  the  distanoA. 
The  sraalleat  potential  difference  actually  measured  was  32  volte 
when  the  distance  between  the  electrodes  was  3  x  10~'  cm. :  this 
is  only  about  one-t«nth  of  the  minimum  spark  potential.  Earhart 
made  some  observations  on  the  effect  of  pressure ;  diminution 
of  the  pressure  from  three  atmospheres  to  one  atmosphere  did  not 
seem  to  affect  the  discharge  potential  when  the  electrodes  were 
very  close  together-,  when  the  pressure  was  diminished  bolof 
one  atmosphere  however  the  discharge  potential  also  diminished. 
An  insjjection  of  the  cur\'es  suggests  that  the  character  uf  the 
discharge  changes  when  the  electrodes  are  brought  within  a  certain 
distance  of  each  other,  or  what  is  equally  consistent  with  the 
curves,  when  the  avert^e  electric  intensity,  F,  between  the  platee 
reaches  a  certain  value  (about  a  million  volts  per  cm.) :  when  F 
has  once  reached  this  value  Earhart's  experiments  suggest  that 
the  discharge  is  determined  by  the  condition  that  F,  i£.  Vji, 
if  V  is  the  potential  difference  and  d  the  distance  between  the 
electrodes,  should  have  this  value.  These  experiments  raise  many 
important  points,  and  it  is  to  be  hoped  that  they  will  be  carried 
much  further. 

The  following  considerations  seem  to  afford  a  possible  explana- 
tion of  the  behaviour  of  the  discharge  when  the  electrodes  are 
very  close  together.  We  have  had  occasion  before  to  make  use 
of  the  hypothesis  that  in  a  metal,  even  at  ordinary  temperature, 
free  corpuscles  are  moving  about  in  every  direction;  if  these 
corpuscles  could  escape  from  the  metal  under  ordinaiy  conditions 
the  metal  would  be  unable  to  retain  a  charge  of  negative  electricity. 
l^ow  one  of  the  reasons  the  corpuscles  do  not  escape  is  that  as 
soon  as  they  leave  the  metal  there  is  an  electrostatic  attraction 
between  the  corpuscle  and  the  metal  equal  to  e^/4ir',  where  e  is  the 


i 
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diarge  on  the  corpuscle  and  r  the  diatauce  of  the  er>rpii9cle  from 

the  surface  of  the  iDotal :  this  attraction,  unless  the  kinetic  energy 

I  Trith  which  the  corpuscle  leaves  the  metal  exceeds  a  certain  very 

FUgh  limit,  will  drag  the  corpuscle  back  into  the  metal.     Let  us 

now  suppose  that  an  external  electric  force  F  acts  on  the  corpuscle. 

tending  to  make  it  move  away  from  the  metal ;   then  if  Fe  is 

comparable  with  e'/4)-",  the  external  field  will  give  appreciable 

assistance  to  the  corpuscle  in  escaping  from  the  metal,  and  will 

enable  corpuscles  to  leave  the  metal,  wliose  kinetic  energy  is  too 

small  to  allow  them  to  escape  in  the  absence  of  an  external  field, 

If  Fe  is  compiu-able  with  ^jii",  F  must  bo  comparable  with  e/4r*. 

Now  in  electrostatic  measure  e  =  3'4  x  10~'",  let  us  put  r  =  10~', 

then  e/***  =  **'5  x  lO",     Now  in  Earhart's  experiments  F  was  about 

10*  volts  per  cm.,  or  in  electrostatic  measure  3"3  x  10*;   this  is 

more  than  one-third  of  the  value  of  ejir*,  so  that  if,  as  is  quite 

possible,  r  is  somewhat  greater  than  10"',  the  pull  exerted  by. the 

external  field  would  be  able  to  drag  the  corpuscles  away  from  the 

metal :  as  soon  however  as  corpuscles  can  leave  the  electrode,  that 

electrode  will   act   like  a  cathode,  and  a  discharge  of  negative 

lK:^ectnGit3'  will  pass  from  this  to  the  opposite  electrode.     If  this 

^Mxplanation   is    correct    the    discharge   across    these   verj'   small 

^^mstances  is  entirely  carried  by  the  corpuscles  and  no  port  of  it 

^^nr  positive  ions;  in  the  discharge  we  have  previously  considered, 

^^pu-pusclea  and  positive  ions  both   tnke  a  share  in  carrying  the 

^^ffiseharge. 

Since  the  publication  of  the  first  edition  of  this  book  some 
interesting   experiments  on  the  potential  difference  required  to 
■duce  very  short  sparks  have  been  made  at  Chicago  University 
■  Kinsley  and  Hobbe.     Kinsley*,  who  worked  with  exceedingly 
diort  sparks,  the  spark  length  in  some  cases  being  as  small  as 
B  X  I0~'  cm.,  and  the  sparking  potential  only  one  volt,  found  that 
Iprhile  each  set  of  experiments  gave  a  linear  relation  between  the 
lark    potential   and   the   spark   length,   the   slope   of    the   line 
taphically  representing  this  relation  varied  with  the  treatment 
electixxlca  had   received,  i,e.   with    the  way  they  had   been 
med  and  polished.     This  is  perhaps  scarcely  to  be  wondered  at, 
\  deposits  of  moisture,  etc.,   on    the   electrodes  comparable   in 
mess  with  the  spark  length  would  quite  escape  detection  by 

'   Kinslc/.  Phit.  Hag.  (0].  ix.  p.  im,  I90S, 
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optka]  i&esns.  KiosleT  calb  Attention  to  s  characterJBiic  pecnli- 
arity  of  th*«e  short  sparks :  when  once  a  xpark  has  passed,  the 
insulation  betwi-t-D  the  electnxles  is  destroyed,  the  surfaces  cohere 
and  a  metalik-  bridge  seems  to  be  formtxl  between  thirni  and  they 
have  to  be  separated  hy  a  distance  much  greater  than  the  original 
tsfmA  length  before  the  coherence  is  destroyed. 

Hobbs",  who  worked  with  sparks  considerably  longer  than 
tboev  used  by  Kinsley,  and  who  did  not  meet  with  the  same 
variations  as  long  as  the  eWtrodefl  remained  unchanged,  obserred 
the  exceedingly  important  and  suggestive  fact  that  when  once  the 
spark  length  is  rvdiiced  lo  the  point  at  which  sparks  begin  to  pass 
with  diminished  potential,  the  relation  between  the  spark  length 
and  thf  potential  difference  is  independent  of  the  pressure  and 
nature  of  the  gas,  while  it  does  depend  upon  the  nature  of  the 
metal  of  which  the  electrodes  are  made.  This  is  clearly  shown  by 
the  curves  in  Figs.  1 25, 126. 127,  Fig.  125  gives  the  relation  between 
the  potential  difference  and  the  spark  length  for  air  at  different 
pressures,  Fig.  12(5  the  relation  for  different  ga^es  and  Fig.  127  thai 
for  different  electrodes.  The  constant  value  before  the  dip  is  due 
to  one  of  the  electrodes  being  spherical  and  the  other  plane,  thw 
by  choosing  different  paths  the  spark  can  vary  its  length  within 
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*  Hobbi,  PU\.  Mag.  [6],  x.  p.  617,  INC. 
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wide  limits,  it  chooses  the  path  for  which  the  potentiat  difference 
is  least,  thus  unless  the  sparks  are  very  short  the  potential 
difference  will  be  the  minimum  potential  difference  discussed  in 
§  217,  and  the  increase  of  potential  observed  with  sparks  between 
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pa>%llel  flat  electrodes,  when  the  spark  len^h  is  dlmtniahed, 
will  not  occur.  We  see  from  these  results  that  the  passage  of  thif  , 
spnrk  in  the  second  stage  is  detenuiued  by  the  condition  that  the 
electric  force  ix-tween  thi'  platis  should  have  a  constant  I'alnc 
depending  on  the  metul  of  which  the  plates  are  made  but  not  upon  , 
the  pressure  or  nature  of  the  gas  between  them.  This  nsail 
confirms  the  view  expressed  in  the  first  edition  of  this  book,  itwt 
the  spark  is  Ciirried  in  this  case  by  carriers  dragged  by  the  electric 
field  out  of  the  metttl  and  not  out  of  the  gas.  It  would  be 
interesting  to  see  whether  these  caiTiera  are  corpuscles  or  a 
mixture  of  negatively  eleclriRed  eoi-puscles  and  positively  eleetrifiMl 
atoms.  This  could  be  tented  by  making  the  two  electnxiea  of 
different  metals:  if  all  the  carriers  were  corpuscles  the  potential 
difference  would  dejiend  only  upon  the  metal  used  for  the  negative 
electrode ;  if  they  were  all  positively  electrified  atoms  then  only  the 
positive  electrode  would  be  active,  which  if  they  were  a  mixture 
both  electrodes  would  affect  the  potential 

If  a  field  of  the  strength  mfftsured  by  Hobbs,  about  100  volts 
per  10-'  cm.,  is  sufficient  to  tear  the  carriers  fiwm  the  metal,  then 
if  we  separate  two  metal  electrodes  by  a  solid  dielectric  and  apply 
a  field  of  this  strength,  if  some  of  the  carriers  were  corpuscles 
these  woidd  be  dragged  through  the  dielectric  so  that  with  a  field 
of  this  strength  the  leakage  of  electricity  through  the  dielectric 
ought  to  be  much  greater  than  for  weaker  fields. 

According  to  the  results  given  by  Almy*  it  would  be  possible 
to  apply  fields  of  this  strength  to  mica,  quartz,  and  ebonite ;  it  i» 
perhaps  more  than  a  chance  coincidence  that  the  discharge  passes 
through  many  solid  and  liquid  dielectrics,  for  fields  just  a  little 
less  intense  than  that  under  consideration.  It  is,  I  think,  pro- 
bable that  the  process  by  which  discharge  takes  place  through 
solid  and  liquid  dielectrics  is  analogous  to  that  which  produces 
these  short  sparks,  i.e.  that  the  corpuscles  are  dragged  out  of  the 
atom  by  the  electric  field  rather  than  by  collision  with  other 
corpuscles. 

*  Aim?,  Ann.  dtr  Phyiik.  i.  p.  606.  1900. 
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Discharge  when  the  electric  field  is  iiot  uniform. 

221.  Bailie*  and  Pa8chen+  have  made  some  very  interesting 
experiments  on  the  potential  difference  required  to  spark  between 
spheres  small  enough  to  make  the  variations  in  the  strength  of 
the  electric  field  considerable.  Bailie's  results  are  given  in  table  A, 
Paschen's  in  table  B : 


A.    Potential  Differences. 
Pressure  760  mm.,  Temp.  15°— 20'  C. 


1 

Spark 

Spheres 

Spheres 

Spheres 

Spheres 

Spheres 

Spheres 

Length 

Planes 

6  cm. 

3  cm. 

1  cm. 

'6  cm. 

•36  cm. 

•1  cm. 

in  ems. 

diam. 

diam. 

diam. 

diam. 

diam. 

diam. 

,     -05 

8-94 

8^96 

918 

918 

9-26 

9-30 

9-63 

•10 

14^70 

14-78 

1499 

15-25 

15-53 

16-04 

16-10 

•15 

20-20 

20-31 

20-47 

21-28 

2124 

2187 

19-58 

•20 

2542 

25-59 

25-95 

26-78 

26-82 

2713 

21-91 

•25 

3038 

30-99 

31-33 

32-10 

32-33 

31-96 

23-11 

1      -30 

36-35 

3612 

36-59 

37-32 

37-38 

36-29 

2412 

•35 

40-45 

41-45 

41-47 

42-48 

4216 

39-39 

25-34 

•40 

45-28 

46-34 

46-77 

47-62 

46-34 

41-77 

2603 

•45 

1 

6048 

51-46 

51-60 

51-56 

5044 

43-76 

26-62 

•40 

44^80 

4500 

45-00 

45-50 

44-80 

4107 

26-58 

•45 

49^63 

5033 

49-63 

52-04 

48-42 

43-29 

28-49 

•50 

54-35 

55-06 

54-96 

54-66 

53-25 

47-21 

30-00 

•60 

63-82 

65  23 

65-23 

65-23 

59-69 

53-75 

31-51 

•70 

74-09 

75-40 

73-79 

72-28 

64-22 

56-47 

32-92 

•80 

84-83 

87-98 

84-76 

77-61 

67-75 

58-79 

33-82 

•90 

94-72 

97-44 

94  62 

8013 

70-56 

59-09 

34-93 

1^00 

10549 

112-94 

104-69 

83-05 

72-38 

59-49 

36-24 

We  see  from  the  tables  that  with  a  given  spark  length  between 
two  equal  spheres,  one  charged  and  insulated  and  the  other  put  to 
earth,  the  potential  diflference  varies  with  the  diameter  of  the 
spheres;  starting  with  planes  the  potential  diflference  at  first 
increases  with  the  curvature  and  attains  a  maximum  when  the 
sphere  has  a  certain  diameter.  This  critical  diameter  depends 
upon  the  spark  length,  the  shorter  the  spark  the  smaller  the 
critical  diameter. 


*  Bailie,  AnnaU$  de  CMmie  et  de  Physique  [5],  zxv.  p.  486, 1882. 
t  Pasohen,  Wied,  Ann,  zxzvii.  p.  79, 1889. 
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The  results  giren  in  these  tables  show  that  when  the  spheivs 
are  ver>-  sma])  the  potentia]  difference  required  to  produce  a  spaik 
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of  given  length  is,  if  the  spark  is  not  too  short,  very  much  less 
than  the  potential  required  to  produce  the  same  length  of  spark 
between  parallel  planes,  and  that  the  spark  potential  difference 
with  points  as  electrodes  only  increases  slowly  with  the  length  of 
the  spark.  The  effect  of  the  shape  of  the  electrode  on  the  spark 
length  is  shown  by  the  curves  represented  in  Fig.  128,  which  is 
taken  from  a  paper  by  De  la  Rue  and  Miiller*.  The  curves  give 
the  relation  between  spark  potential  and  spark  length  for  two 
planes,  two  spheres  one  3  cm.  in  radius,  the  other  15  cm.  in 
diameter,  two  coaxial  cylinders,  a  plane  and  a  point,  and  two 
points. 

222.  Schuster  +  has,  by  the  aid  of  Kirchhoffs  solution  of  the 
problem  of  the  distribution  of  electricity  over  two  spheres,  calcu- 
lated from  Bailie's  and  Paschen's  results  the  maximum  electric 
intensity  in  the  field  before  the  spark  passed:  the  results  for 
Bailie's  experiments  are  given  in  the  following  table. 


Spark 

Spheres 

Spheres 

Spheres 

Spheres 

Spheres 

Spheres 

Length 

Planes 

6  cm. 

3  cm. 

1  cm. 

•6  cm. 

•35  cm. 

•1  cm. 

in  cms. 

diam. 

diam. 

diam. 

diam. 

diam. 

diam. 

•05 

179 

180 

186 

190 

197 

206 

292 

•10 

147 

149 

153 

163 

176 

198 

376 

•15 

135 

138 

141 

157 

170 

206 

425 

•20 

127 

131 

137 

154 

170 

219 

460 

•25 

122 

127 

134 

154 

180 

236 

478 

•30 

118 

124 

130 

156 

189 

253 

494 

•35 

116 

122 

129 

159 

197 

263 

516 

•40 

113 

122 

129 

164 

204 

272 

528 

•45 

112 

120 

127 

166 

214 

278 

540 
539 

•40 

112 

118 

124 

157 

197 

268 

•45 

110 

119 

122 

167 

206 

275 

578 

•50 

109 

117 

125 

166 

218 

296 

608 

•60 

106 

116 

125 

181 

233 

327 

639 

•70 

106 

117 

126 

188 

234 

339 

667 

•80 

106 

123 

130 

192 

250 

349 

685 

•90 

105 

120 

132 

191 

255 

349 

708 

1-00 

106 

128 

133 

194 

258 

349 

733 

It  will  be  seen  that  the  smaller  the  spheres,  i,e.  the  more 
irregular   the   electric   field,  the   greater   the   maximum  electric 


♦  De  la  Rue  and  Miiller,  Phil.  Trans,  1878,  Pt.  i.  p.  66. 
t  Schuster,  Phil,  Mag,  v.  29,  p.  182,  1890. 


4«4  SPARK    DISCHABQE.  [XV 

intensity.  We  must  be  careful  to  distinguish  between  the  t-lcctric 
field  before  the  spark  passes  and  the  electric  field  during  the 
discharge  or  even  during  the  interval  between  the  application  of 
the  potential  difference  and  the  passage  of  the  discharge,  for  during 
this  interval  ions  are  moving  about  in  the  field  and  producing 
fi^sh  ions ;  both  of  these  effects  will  motiify  the  distribution  of  the 
electric  field.  Thus  to  take  an  example,  suppose  we  have  a  nega- 
tively electrified  point  near  to  a  positively  electrified  plate;  if 
there  are  no  iona  in  the  field  the  electric  force  would  be  a 
maximum  at  the  point,  and  would  steadily  diminish  as  we 
approach  the  plate;  if,  however,  there  are  ions  present  in  the 
neighbourhood  of  the  point  the  negative  ions  will  be  repelled 
from  the  point,  while  the  positive  ions  will  be  pulled  int"}  it; 
this  will  have  the  effect  of  increasing  the  electric  intensity  8t 
a  distance  from  the  point  at  the  expense  of  that  close  U)  th»' 
point :  if  the  negative  ions  congregate  at  the  plate,  so  as  to  font' 
a  layer  of  negative  electrification  close  to  the  plate,  the  electric 
intensity  at  the  plate  may  rise  to  very  high  values.  This  is  what 
actually  occurs,  for  Mr  Blyth  has  meaaured  at  the  Cavendish 
Laboratory  the  distribution  of  electric  intensity  between  a  point 
and  a  plate  when  the  discharge  is  passing,  and  has  shown  that 
it  is  large  close  to  the  point,  is  then  comparatively  small  for 
some  distance  but  becomes  large  again  close  to  the  plate. 

Thus  if  there  is  any  preliminary  ionisation  it  does  not  follow 
that  the  maximum  electric  intensity  when  the  spark  passes  is  that 
calculated  by  the  use  of  Kirchboff's  solution.  Russell"  has  shown 
that  in  the  cases  when  the  preliminary  ionisation  is  likely  to  be 
small  and  the  maximum  electric  intensity  in  the  spark  therefore 
the  Kvme  as  that  calculated  by  the  theory,  the  maximum  electric 
intensity  is  independent  of  the  spark  length,  and  the  condition  for 
discharge  is  that  this  intensity  should  rise  to  a  definite  valne. 
When  the  conditions  are  such  that  the  spark  passes  between  points 
without  any  preliminary  brush  or  glow  discharge  Voegef  has  shown 
that  the  potential  difference  for  a  spark  of  length  d  can  be 
expressed  by  the  formula 

7=4800d  +  24000, 
where  V  is  expressed  in  volts  and  d  in  centimetres. 


1 


■  BdekH,  Phil.  Mag.  [6],  U.  p.  2ST,  1906. 
t  VAeg«,  JRR.  dir.  Phyt-  ziv.  p.  G66,  1904. 
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alteration  of  the  electric  field  during  the  'lag'  will 
why,  when  one  or  both  of  the  electrodes  are  small,  a 
>es  not  necessarily  pass  even  although  the  potential 
3  between  an  electrode  A  and  a  point  P  near  to  A 
id  on  the  assumption  that  there  are  no  ions  in  the  field) 
r  than  that  required  to  produce  a  spark  of  length  AP 
plane  electrodes ;  for  during  the  '  lag  *  the  movement  of 
in  the  field  may  have  so  reduced  the  potential  difierence 
A  and  P  that  it  is  less  than  that  required  to  produce 
of  length  aP. 

►ugh  the  processes  going  on  during  the  lag  may  reduce  the 
ies  in  the  electric  field  between  small  electrodes,  they 
3  expected  to  remove  them  entirely,  and  when  the  field  is 
uniform,  as  is  the  case  with  pointed  electrodes,  we  can 
J  that  the  potential  diflFerence  required  to  produce  a  long 
less  than  that  required  to  produce  a  spark  of  the  same 
etween  plane  electrodes.  For  let  the  curve  APQ  (Fig. 
resent  the  distribution  of  potential  between  small  elec- 
,  By  and  let  CD  be  the  curve  which  represents  the  potential 


Fig.  129. 


?  required  to  produce  a  spark  in  a  uniform  field  (the 
of  a  point  on  CD  represents  the  spark  potential  required 
ce  a  spark  whose  length  is  equal  to  the  abscissa  of  the 
ihen  we  see  that  although  the  potential  difierence  BQ 
the  small  electrodes  may  be  less  than  J3D,  that  required 
ze  a  spark  of  length  AB  in  a  uniform  field,  the  two  cux^q% 
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may  intersect;  if  they  do  so  at  P,  then  a  spark  will  pass  from 
A  to  P.  the  whole  potential  difference  will  be  thrown  on  the 
region  between  P  and  B,  so  that  the  strength  of  this  part  of  th« 
field  will  increase  and  the  spark  will  travel  on  to  B. 

223.  When  the  electrodt?a  are  of  different  aiaea  Parsdaj* 
found  that  the  spark  potential  is  difierent  according  as  the  Bmaller 
electrode  is  positive  or  negative;  De  la  Bne  and  MUllert  a'sn 
observed  the  same  effect;  according  to  Weseudonck*  this  differ- 
ence only  occurs  when  a  brush  discharge  accompanies  the  s[Hrk, 
when  the  conditions  are  such  that  the  discharge  passes  entirely 
ns  a  sjiiark  the  spark  potential  is  the  same  whichever  way  the  spark 
passes, 

Spark  PotetituU  tn  different  Gases. 

224.  Fur  pressures  considerably  greater  than  the  critical  m 
pressure  the  relation  between  the  spark  potential  and  the  spark  1 
length  is  a  linear  one;  if  K  is  the  spark  potential  measured  fll' ■ 
electrostatic  units  and  x  the  spark  length  at  atmospheric  pfessoB'W 
measured  in  centimetres,  then 

V  =  ax  +  h. 
The   experiments   by   Bailie,   Liebig,   Paschen.   Orgler  give  tbe 
following  values  for  the  constants  a  and  b  in  hydrogen,  air,  and 
carbonic  acid. 


B.o.= 

LlBBIO 

Pascsbn 

Ovum 

" 

b 

" 

b 

" 

b 

" 

( 

Air 

Hydrogen    ... 
Carbonic  acid  1 

996 

5 

87-4 
55-8 
91-8 

92-5 
43-0 
911 

93-e 

46-3 
86^ 

Wolf§,  who  measured  the  spark  potential  required  to  produce 
a  spark  1  mm.  long  at  pressures  varying  from  1  to  5  at'^o- 
spheres,  found  that  (as  we  should  expect  from  Paschen's  law)  ™* 
relation  at  these  high  pressures  between  spark  potential  and  pr* 


*  Farsdaj,  Exptrimfntal  Btaearchet,  §14S0. 
t  De  U  Rue  and  MiUter,  Phil.  Trant.  1878,  P(.  i. 
t  Wesendonok,  Wied.  Ann.  iiTiii.  p.  322. 
9  Wolf,  Witd.  Ann.  ziivii.  p.  306,  I8S9. 
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sure  is  a  linear  one ;  if  F  is  the  spark  potential  in  electrostatic 
measure  and  x  the  pressure  in  atmospheres,  then  Wolf  found  that 
V  was  given  by  the  following  expressions : 

For  hydrogen  F=  6-509a?  -f  6*2 

For  oxygen  V  =  9'6a:      +  4*4 

For  air  F=10-7a;    +3-9 

For  nitrogen  F  =  1208rc  +  50 

For  carbonic  acid  F=  1022^  +  7*2. 

If  J^  is  the  average  electric  force  between  the  electrodes 
in  these  experiments,  then  J^=10F. 

The  order  of  the  spark  potential  for  diflferent  gases,  as  will  be 
seen  from  the  preceding  table,  depends  upon  the  pressure;  thus 
at  the  pressure  of  1  atmosphere  F  for  COa  is  greater  than  F  for 
air,  while  at  high  pressures  it  is  less. 

226.  Bouty*  has  made  a  series  of  experiments  on  the  electric 
field  required  to  make  a  gas  into  a  conductor,  using  a  method  which 
dispensed  with  the  use  of  metallic  electrodes.  In  this  method  the 
gas  at  a  low  pressure  is  contained  in  a  glass  vessel  with  parallel 
sides,  and  this  vessel  is  placed  in  the  space  between  two  parallel 
plates  parallel  to  the  walls  of  the  vessel,  the  diflference  of  potential 
between  these  plates  is  increased  until  the  gas  in  the  glass  vessel 
becomes  luminous,  indicating  that  a  discharge  is  passing  through 
it ;  the  strength  of  the  electric  field,  i.e,  the  electric  force  (not  the 
potential  difference),  when  this  occurs,  is  called  by  Bouty  the  coh4' 
sion  didlectriqae  of  the  gas.  A  very  considerable  number  of  gases 
were  examined  by  this  method.  Bouty  found  that  the  coh^on 
diilectrique  F  for  gases  up  to  6  cm.  pressure  could  be  represented 
by  the  formula 

where  a  and  6  are  constants  and  p  is  the  pressure.  When  F  is 
measured  in  absolute  electrostatic  units  and  p  in  atmospheres, 
Bouty  found  that 

For  hydrogen         ^  =  1-4      -f  63-33p 
For  air  F  =  1'593 -f  11909jo 

For  carbonic  acid  F  =  1-708  +  144-4p ; 

he  compares  these  expressions  with  those  given  by  Wolf  and 
points  out  that  while  the  coefl&cients  of  p  are  not  so  very  different 

•  Bouty,  C.  R,  131,  p.  469,  1900. 
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the  constant  terms  are  of  quite  a  different  order;  he  ascribes  this 
difference  to  the  electrodes  in  Wolfs  experiments  being  meul, 
while  in  his  cxptriments  they  were  gla^;  it  seems  to  me  that  the 
following  explanation  is  more  probable.  If  V  is  the  potential 
difference  required  to  produce  a  spark  of  length  /  through  gas  al 
a  pressure  p  considerably  greater  than  the  critical  pressure,  then 
we  have  approximately,  if  A  and  B  are  constants, 

V=A  +  Blp : 
since  we  know  by  Pi  is  a  function  of  Ip ;  henw 

F,  the  average  elect  the  spark  passes,  is  given 

by  the  equation 


hence  the  constant  ten  '  aa  the  length  of  the  spark 

while  the  coefficient  of  t  of  the  spark  length.    In 

Wolfs  experiments  U  was  only  1  ram,,  while  the 

distance   between   the  |  I's  experiments  was  much 

greater  so  that  the  differs  rk  length  would  explain  the 

difference  in  the  CLinstant  term,  and  it  i.s  ntit  nccesaai^^  to  .liicrilw 
it  to  the  nature  of  the  electrodes.  Bouty"  has  determined  the 
constants,  u,  b,  in  the  expression  F  =  a-^hp  for  the  cotmon 
dUlectrique  for  a  number  of  vapours;  the  results  are  given  in 
the  following  table.  Bouty's  measurements  were  made  at  pres- 
sures ranging  from  0055  cm.  to  2  cm.  of  mercuiy.  The  constants 
apply  when  the  pressure  is  measured  in  cm.  of  mercury  and  F  lO 
volts  per  cm. 


Vapour  of 

• 

6 

Water 

33.3 

500 

McthyUlcchoI  ... 

Etliyl-alcohol 

375 

616 

364 

800 

Ether  

360 

Methyl  fominte... 
Ethvf  propionate 

364 

1020 

312 

1083 

Acetone  

35B 

1100 

Ethyl  fwionte    ... 
Metlij!  iicetate  ... 

360 

1110 

369 

1250 

Cnrbon  bisulphide 

330 

1510 

380 

1610 

Benzol 

377 

1670 

■  Bouty,  C.  R.  131,  p.  BOS,  1900, 
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It  will  be  seen  that  the  values  of  a  vary  very  little  in  com- 
parison with  those  of  6.  The  values  of  b  are  in  nearly  every 
case  in  the  same  order  as  those  of  1/X,  where  \  is  the  mean  free 
path  of  the  molecules  of  the  gas,  and  are  in  many  cases  roughly 
proportional  to  this  quantity. 

226.  V.  Rontgen*  arrived  at  the  conclusion  that  the  spark 
potential  for  a  constant  spark  length  was  inversely  proportional  to 
the  mean  free  path  of  the  molecules  of  the  gas  through  which  the 
spark  passed ;  we  have  seen,  however,  that  the  ratio  of  the  spark 
potential  for  different  gases  varies  with  the  pressure  and  the  spark 
length,  so  that  this  statement  does  not  give  complete  expression 
to  the  laws  of  the  spark-discharge.  If  we  look  at  the  question 
from  the  point  of  view  of  Paschen's  law  we  see  that  from  that  law 


-/©  ■ 


where  x  is  the  spark  length  and  \  the  mean  free  path  of  the  mole- 
cules of  the  gas ;  if  the  spark  potential  for  different  gases  depended 
only  upon  the  mean  free  path  of  the  molecules  of  the  gases  the 
function  /  would  be  the  same  whatever  were  the  nature  of  the 
gas ;  but,  if  this  were  the  case  the  minimum  potential  required 
to  produce  a  spark  would  be  the  same  for  all  gases,  a  result  which 
is  inconsistent  with  the  determinations  made  of  this  quantity. 
When  the  spark  length  is  much  greater  than  the  critical  value  F, 
the  potential  difference  required  to  produce  a  spark  of  length  x 
may  be  expressed  by  the  linear  relation 

where  \  is  the  mean  free  path  of  the  molecules  of  the  gas.  In  the 
following  table,  p.  470,  the  relative  values  of  B  for  a  number  of 
gases  are  given,  the  value  for  air  being  taken  as  unity. 

There  are  thus  very  decided  variations  in  the  value  of  B  for 
different  gases.  The  results  for  helium  and  argon  are  very 
remarkable,  they  show  that  for  a  given  increase  in  the  potential 
difference,  the  increase  in  the  spark  length  in  these  gases  will  be 
about  ten  times  that  in  air. 

*  Bdntgen,  06ttingen  Naeh.  1878,  p.  890. 
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We  shall  see  that  on  the  theory  of  the  discharge  given  later, 

B  in  the  above  formula  is  the  potential  difference  through  whidi   _ 
a  corpuscle  must  fall  in  order  to  acquire  enough  energy  to  begin' J 

———     J 

Gm 

it  gas/iJ  »ir                                               1 

pAKmn 

BniVTT 

BnntBt 

1 

X 

1-01 

1-04 

1-00 

■61 

■6(M 

■en 

&. 

■US 
■632 

Ha 

■3 

■23 

^ 

Arg 

■07 

Hg-Vap 

76 

227.     ^ 

attererS  tes 

ted  for  a 

arere  numb 

r  of  eases 

he  leneth 

of  spark  produced  at  constant  pressure  by  a  small  induction  coal;  the 
raeaaurements  made  by  this  method  are  of  necessity  ezceedingl; 
rough  but  they  are  for  many  gases  the  only  measurements  we 
possess  relating  to  the  passage  of  the  spark.  Part  of  Natterer'a 
results  are  given  in  the  following  table,  the  temperature  when  not 
stated  is  to  be  taken  as  about  20°  C,  the  spark  lengths  are  io 
millimetres. 

It  will  be  noticed  that  the  spark  lengths  are  short  in  vapours 
of  complicated  chemical  constitution  in  which  the  mean  free  paths 
are  small;  the  halogen  elements  chlorine, bromine  and  iodine  seem 
to  exert  a  great  influence  in  shortening  the  spark,  these  elements 
and  their  compounds  have  short  free  paths. 

Natterer  found  that  the  spark  length  was  exceptionally  long 
in  the  mooatomic  vapours  of  mercury  and  cadmium,  we  have  seen 
that  it  is  also  long  in  the  monatomic  gas  helium. 


•  nrgiBT,  j^«  rfA-  pfcy.  i.  p.  15«,  moo. 

f  RillM,  Ann.  dfr  Phgt.  liv.  p.  118,  1904. 

t  Bonly,  Journal  de  Fhyiique  [4]  3,  p.  401,  lilOS. 

S  Natterer.  Wied.  Ann.  xiiviii.  p.  GH,  16S9. 
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HCl  

CI, 

HBr  

HI 

Brj(100X.) 

I,  (230°  C.)  

H^  (130'  C.)  .. 

H^  

N,0  

80,    

HgCI,  (271°  C.) 

ph/  :::::::::;:::: 

S/a,(135°C.)., 
PCl,{137fi'C.) 
A8(\(181-6''C. 

PBr,  (271•C.).. 
SiF^(10^C.)  .. 
PC1,0(153°C.) 
SiCUl70°C.)., 
SnCL(860*C.).. 

CH.   

CjH, 
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B— 10 
5—7 
2—4 
2—3-6 


3—5 
1-5-2 

a— 2-5 

5—8 

4-7 
1-76-2 
1-5-2 
1-25— 1-5 
1-75—2 

6—7 
2-25- 2-6 
1-76—2 
1-5- 1-76 

7—10 

3-4 


HON  (80°  C.)  

CO 

G,H, 

CHsbHiiob-G)!;!!;! 
ca 

CH3.0HO(100°a)... 
C,H,OH  (110*0.)  ... 

CH.C1  

C,N, 

(CH,)jCO  {100°  0.)... 

a,H.cHO(ioo'a)... 
cjip 

(C,H,),0  (100'  0.)  .. 

CS,  (lOO'C.)    

C,H,(111J°C.) 

C,H,S  (110°  C.)  

CHjOjC^j  (110°  C.) 

C,HsBr(100°C.) 

CHCl,(100°CJ  

C,HjBr(100°C.) 

(CH3),CHBr(100'C,) 

CH3I  (100°  C.) 

CCT.  (1I0"C.)  

Cjtfj  (100°  C.)   

CHBr,  (180'C.) 

Hg{C.Hs),(19S''C.)... 


3—3 
10—14 

8—13 
10—13 

9—12 

8— n 

6-8 

7—9 

8—11 
1-5—2 

6-9 

4—7 

4—7 

5-8 

2—3 

7-9 

4—5 

3—7 

3—3-5 
1-7  6— 2 
2-25-2-75 

3—2-5 

2—2-25 
1-5—1-75 
1-75— 2 

2—2-5 


Theory  of  the  Electric  Discharge  through  Oases. 

228.  It  will  assist  us  in  coordioatiDg  the  very  varied  phe- 
nomena attending  the  discharge  of  electricity  through  gases,  if  we 
at  this  stage  endeavour  to  form  some  idea  of  the  mechanism  by 
which  the  discharge  is  produced.  A  theory  of  the  discbarge  was 
given  by  the  author  in  a  paper  read  before  the  Cambridge  Philo- 
sophical Society,  Feb.  1900,  and  published  in  the  Philosophical 
Magazine,  [6]  50,  p.  278,  1900.  On  this  theory  the  conduction 
through  gases  is  due  to  the  presence  in  the  gas  of  ions  produced 
by  the  electric  field  itself 

We  have  seen  that  a  gas  is  ionised,  when  cathode  rays,  i.e. 
rapidly  moviag  corpuscles,  pass  through  it;  these  cathode  rays 
when  their  velocity  is  accelerated  or  retarded  give  out  R^intgen 
rays,  and  thSb  rays  also  ionise  gases  through  which  they  pass. 
When  a  current  of  electricity  passes  through  a  gas,  vt  i&  CKcn^A.  Vj 
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moving  corpuscles  and  positive  ions,  the  velocity  of  these  de- 
pending OD  the  strength  of  the  electric  field.  The  moving  cor- 
puBcles  are  cathode  mya,  these  ionise  the  gas  directly  by  strildiiyM 
against  the  molecules,  and  indirectly  by  means  of  thv  lUintgaail 
rays  which  are  produced  when  the  cathode  rays  come  into  collision  ■ 
with  the  molecules  of  the  gas:  the  Rdntgen  rays  produced 
in  this  way  constitute  Wiedemanns'  Entladungstrahlen.  Thus 
when  there  are  any  corpuscles  present  to  begin  with,  an  electric 
field,  by  setting  these  in  Qiotion  with  sufficient  velocity,  may 
produce  a  new  supply  of  corpuscles,  and  these  again  may  produce 
another  generation  of  corpuscles  and  so  on.  It  will  be  notiwd 
that  the  collisions  are  the  source  of  the  ionisation,  not  only  when 
this  is  produced  directly  by  the  impact  of  cathode  rays,  but  uIm 
when  it  'm  due  to  the  ROntgen  rays,  for  it  is  by  the  collisions  that 
the  RCntgen  rays  originate.  Thus  when  an  electric  force  itcU 
upon  a  gas  in  which  there  are  corpuscles,  these  corpuscles  will  be 
the  parents  of  others,  and  on  this  account  the  number  of  corpuscles 
will  increase;  on  the  other  hand  the  recombination  of  corpuscle 
with  iwsitive  ions  to  form  rieutra)  sy^-'tems,  and  with  unchargni 
molecules  to  form  massive  negative  ions,  will  reduce  the  numberof 
tree  corpuscles ;  if  the  rate  of  recombination  exceeds  the  rate  of 
production,  any  corpuscles  originally  present  in  the  gas  will  tend 
to  disappear  and  the  gas  will  cease  to  conduct  electricity,  while  if 
the  rate  of  production  exceeds  the  rate  of  recombination  the 
Dumber  of  corpuscles  will  increase  and  the  gas  will  become  s 
better  and  better  conductor;  in  order  that  it  should  remain  in 
a  steady  state  the  rate  of  recombination  must  equal  the  rate  of 
production. 

Let  us  now  endeavour  to  find  an  expression  for  the  energ)' 
available  for  ionisation :  to  simplify  the  reasoning  let  us  suppose 
that  the  electric  force  X  is  everywhere  parallel  to  the  axis  of  x', 
if  X  is  the  free  path  of  a  corpuscle  in  the  gas  the  energy  of  the 
corpuscle  when  it  collides  with  the  molecule  of  the  gas  will  be 
proportional  to  Xe\;  the  investigations  we  have  given  of  the 
ionisation  produced  by  cathode  rays  of  different  speeds,  p.  378, 
show  that  the  amount  of  this  energy  which  is  available  for  ionisa- 
tion is  a  somewhat  complicated  function  of  the  energy  possessed 
by  the  corpuscle  before  collision ;  for  small  values  of  this  energy. 
le  energy  /  available  for  ionisation  is  proportumal  to  ^,  the 
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y  of  the  corpuscle,  but  as  E  increases  /  attains  a  maximum 
c  after  which  it  diminishes  aa  E  increases.  We  con  show  also 
t  the  energy  given  out  as  Rontgeu  rays  varies  in  a  aimilar  way, 
Mining  a  maximum  for  a  particular  value  of  E.  Let  0  {E)  be  the 
mount  uf  energy  E  available  for  ionisation ;  if  n  is  the  number 
r  corpuscles  per  unit  volume,  u  the  velocity  of  the  corpuscle,  the 
himbor  of  collisions  made  by  the  corpuscle  per  cubic  centimetre 
r  second  is  n«/X,  hence  the  energy  available  for  ionisation  is 

Now  let  us  consider  the  number  of  ions  produced  by  this 
lergy ;  since  ionisation  requires  a  finite  amount  of  enei^y,  if  ^  (E) 
\  less  than  a  certain  value  no  ions  will  be  produced,  but  if  the 

Uergy  excee«is  this  value  there  will  be  ionisation  increasing  with 

'"  ;  value  of  ^  {E). 

The  amount  of  ioniaation  produced  by  a  given  amount  of 

lergy  will  evidently  depend  upon  the  nature  of  the  gas,  it  may 

kowever,  when  there  is  considerable  current  through  the  gas,  also 

tepend  upon  the  work  done  by  the  electric  field  on  thL*  gas ;  for  we 

Ibust  remember  that  the  molecules  of  the  gas  are  exposed  to  the 

action  of  both  cathode  and  Rtintgen  rays,  and  a  molecule  even 

though  it  may  not  be  actually  ionised  by  the  absorption  of  these 

I,  may  if  it  has  any  power  of  storing  energy  acquire  internal 

lergy  and  thus  when  any  fresh  radiation  comes  along  may  fait  an 

isier  victim  than  a  molecule  in  the  normal  state.     To  put  the 

tne  argument  in  a  different  form,  suppose  that  an  atom  gets 

nised  when  its  internal  energy  reaches  a  critical  value,  then  if  it 

i  any  power  of  storing  up  energy  its  ionisation  may  be  due  to 

e  combination  of  energy  it  has  acquired  by  previous  absorption 

f  Cathode  and  RSntgcn  rays  with  the  energy  given  to  it  by  the 

Bya  foiling  upon  it  at  the  instant  of  ionisation. 

229.     We  may  ejqji-ess  this  by  saying  that  the  number  of  ions 

uced  per  unit  volume  per  second  is  —  F(E,nuE),  E  being 

BD&l  to  SeK.     When  the  current  through  the  gas  is  small,  we 

ly  neglect  the  effect  of  the  energy  stored  up  in  the  atoms  of  the 

number  of  corpuscles  [jroduced   by  eimK  tioWimao.  ■«"& 
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depend  upon  E  alone,  the  number  produced  per  second  per  cubic- 
centimetre  oC  gas  will  be  equal  to 

'^f(E),le.to'^f(Se\). 

The  number  of  corpuscles  will  diminish  through  their  com- 
bination with  [WHitive  lona  or  with  neutral  molecules,  as  the  latWr 
enormously  outnumber  the  former,  the  combination  with  the 
molecules  will  be  tht 
between  tha  corpuacli» 
centimetre  of  gas  is  n 
combination  the  numb 

second  is  7  -z^ .     Honce  t 

that  the  rate  of  increase 


-{ 


"--.t;  the  number  of  collisions 

lies  per  second  per  cubic 
)n  7  of  these  results  in  re- 
■s  which  are  lost  per  c.c.  per 

ins  and  losses  together  we  see 

cles  is  equal  to 

t). 


Hence  by  the  equation  of  continuity  we  have 
when  the  current  is  steady,  this  equation  becomes 

,4(»")."^(/(x..)-,), 

and  when  the  electric  field  is  uniform  this  may  be  written  as 

where  a  is  independent  of  x  and  is  equal  to  (/(XeX)  —  7)/^- 
The  solution  of  this  equation  is 

nu  is  the  quantity  of  negative  electricity  passing  in  unit  time 
through  unit  area  of  a  plane  at  right  angles  to  the  axis  of  i 
at  a  distance  x  from  the  origin,  and  can  be  measured  by  placing 
a  metal  plate  at  this  distance,  connecting  it  with  an  electrometer, 
and  measuring  by  means  of  this  instrument  the  rate  at  which 
negative  electricity  is  reaching  the  plate.  A  very  valuable  series 
^f  experiments  on  this  effect  have  been  made  by  Townsend*  and 

*  TownwDd,  Phil.  itag.  vi.  1,  p.  19S,  1901. 
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Townsend  and  Kirby*,  who  have  determined  the  values  of  a  for 
gases  under  diflferent  pressures  and  for  electric  fields  of  dififerent 
intensities.  The  following  are  the  values  of  a  found  by  Townsend 
for  air : 


XToltS 

per  cm. 

Pressnre 

Pressure 

Pressure 

Pressure 

Pressure 

•17  mm. 
a 

•38  mm. 

a 

1*10  mm. 

a 

2^1  mm. 

a 

4*1  mm. 

a 

20 

•24 

40 

•65 

•34 

80 

135 

1-3 

•45 

•13 

120 

1-8 

2-0 

11 

•42 

•13 

160 

21 

2^8 

2^0 

•9 

•28 

200 

3-4 

2-8 

1-6 

•5 

240 

2-45 

3-8 

4-0 

2-35 

•99 

320 

2-7 

4-5 

5-6 

4-0 

21 

400 

5-0 

6-8 

6-0 

36 

480 

315 

5-4 

8-0 

7-8 

5-3 

560 

— > 

5-8 

93 

94 

71 

640 

3-25 

62 

10-6 

10-8 

8-9 

230.  Thus  we  see  that  for  a  given  value  of  Z,  a  begins  by 
increasing  with  the  pressure,  it  attains  a  maximum  at  a  particular 
pressure,  and  then  diminishes  as  the  pressure  increases ;  we  see 
too  that  the  larger  the  value  of  X  the  higher  the  pressure 
at  which  a  is  a  maximum.  The  values  given  for  a  at  the  two 
lowest  pressures  show  that,  as  the  force  is  increased,  a  approaches 
a  constant  value. 

These  results  follow  at  once  from  the  value  we  have  obtained 

for  a,  viz. 

/{Xe\)-y 

" \ • 

If  X  is  constant,  then  at  the  pressure  when  a  is  a  maximum, 

dX      ' 


or 


where 


f(Xe\)Xe     (f(Xe\)-y) 

X  X»  ^  ^' 


*  Townsend  and  Kirby,  t6.  p.  630 
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equation  (1)  may  lie  written 

Xe\f  {Xe\)=fiXe\)  -  y (2), 

This  equatirm  doter mines  the  value  of  X  when  a  is  a  maximum: 
we  see  from  the  form  of  the  equation  that  the  solution  of  (2) 
is  of  the  form 

where  c  is  iiKlei)endent  of  both  A'  and  \ ;  thus  the  value  of  X, 

when  o  is  n  niaxin'  iroportional  to  -Y.  and  sioce 

X  is  inveraely  prof  vaaure,  it  follows  that  the 

pressure  at  which  a  mlue  is  proportional  to  X. 

Townsend  has  si  measurements  of  a  we  can 

deduce  the  fivi-  patL  If  the  ionisation  is  due  to 

the  collision  of  the  le  molecules,  then  unless  a 

corpuscle  can  dt'tach  lore  than  one  corpuscle,  the 

maximum  numher  o  luced  will  be  equal  to  the 

number  of  collisions;    n.  _  ■  see  that  a  =  l/X;  hence  n 

when  it  becomes  independent  of  the  strongth  of  the  ficM  is 
equal  to  the  reciprocal  of  the  mean  free  path,  t.0.  to  the  number  of 
collisions  made  by  the  corpuscle  in  moving  over  1  cm.  Thus,  from 
the  table  on  p.  475,  we  may  infer  that  a  corpuscle  makes  aboat 
325  collisions  per  cm.  when  moving  through  air  at  a  pressure  of 
■17  mm.  of  mercury  or  19  per  cm.  when  the  pressure  is  1  nun. 
Townsend  has  shown  that  the  numbers  of  collisions  determined 
in  this  way  agree  well  with  the  number  deduced  from  the  Kinetic 
Theory  of  Gases  for  the  collisions  between  a  body  of  negligible 
size  and  one  of  the  size  of  a  molecule  of  air.  The  number  of 
collisions  made  by  a  corpuscle  moving  through  air  at  a  pressure 
of  1  mm.  of  mercury,  as  determined  by  the  Kinetic  Theory,  i» 
about  21  per  cm.  of  path.  Townsend  and  Kirby  have  shown  that 
the  numbers  of  collisions  made  by  a  corpuscle  moving  through 
hydrogen  or  carbonic  acid  at  this  pressure  are  respectively  11*5 
and  29 :  these,  again,  agree  well  with  the  values  deduced  from  the 
Kinetic  Theorj'. 

When  we  are  dealing  with  corpuscles  moving  with  the  veii>- 
city  of  those  in  the  Lenard  rays,  i.e.  with  velocities  between 
10*  and  10'°  cm./sec.,  the  number  of  ions  produced  is  much  smaller 
than  those  produced  by  the  comparatively  slow  co      sole" 
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^th  in  the  preceding  experiment:  thus,  Durack*  has  shown 
that  a  corpuscle  moving  with  a  velocity  of  5  x  10*  cm./sec.  only 
produces  about  '4  ion  when  moving  through  1  centimetre  of 
air  at  the  pressure  of  1  mm.  of  mercury,  and  with  the  still  more 
rapidly  moving  corpuscles  shot  out  from  radium  the  ionisation  is 
still  smaller.  The  eflfect  'of  velocity  on  the  ionisation  was  con- 
sidered on  p.  378. 

231.  In  the  experiments  just  referred  to  the  currents  were 
very  small,  the  initial  supply  of  corpuscles  being  obtained  from 
metals  exposed  to  ultra-violet  light  or  from  gases  under  the  action  of 
Rontgen  rays,  in  such  cases  there  is,  when  the  potential  difference 
is  considerably  less  than  that  required  to  spark  through  air  in  its 
normal  condition,  no  indication  of  instability  in  the  current,  nor  is 
there  any  appreciable  luminosity  in  the  gas.  We  get  a  much 
closer  approximation  to  the  conditions  existing  in  luminous 
discharges,  such  as  sparks  or  electrical  discharges  through  gases  at 
low  pressures,  when  we  use  a  more  abundant  supply  of  corpuscles. 
Such  a  supply  is  very  conveniently  obtained  by  a  method  due  to 
Wehneltf,  in  this  method  the  cathode  is  a  platinum  wire  coated 
with  a  thin  film  of  lime  and  raised  to  incandescence  by  an  electric 
current.  Wehnelt  has  shown  that  the  incandescent  lime  emits 
copious  streams  of  corpuscles,  producing  under  comparatively  small 
potential  differences  very  large  currents.  I  have  found  this  method 
of  the  greatest  assistance  in  studying  the  properties  of  the  electric 
discharge,  the  conditions  are  easily  controlled  and  the  characteristic 
features  of  the  discharge  can  be  obtained  with  potential  differences 
small  enough  to  be  measured  with  great  accuracy. 

To  study  the  ionisation  produced  in  the  gas  by  the  electric 
field  I  used  a  tube  in  which  the  lime  covered  cathode  was  fixed, 
while  the  anode,  a  flat  disc,  could  be  moved  backwards  and  forwards, 
and  the  distance  between  the  electrodes  adjusted  to  any  required 
value  without  altering  the  temperature  of  the  cathode  or  the 
pressure  of  the  gas;  a  series  of  measurements  of  the  relation 
between  the  current  through  the  tube  and  the  potential  difference 
between  the  electrodes  was  made  for  three  distances,  1  mm.,  5  mm., 
10  mm.,  between  the  anode  and  the  cathode ;  an  example  of  such 

*  J.  J.  E.  Daraok,  Phil.  Mag.  yi.  4,  p.  29,  1902. 
t  Wehnelt,  Atm.  der  Phy$.  xiy.  p.  425,  1904. 
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a  series  is  given  in  Table  1,  the  pressure  of  the  air  in  the  tubf  ir. 
in  this  case  about  2  mm.  of  mercury. 


Dinanee  bemeen  £leati«de« 

iu  ToltB  belween 

Imm. 

6  mm. 

uiode  and  eathodp 

,™. 

=axio-'«iip. 

0 

Ocm. 

Ocm. 

10 

1-6 

■5 

15 

53 

l-fl 

20 

107 

3-8 

25 

22-4 

7-8 

30 

4fil 

14-3 

35 

113 

ode  glow) 

38-3 

37 

no 

[Mode  gl'iw) 

40 

117 

2.52 

244 

45 

172 

348 

4)1 

60 

188 

352 

414 

fi3 

458 

504 

(diBchai^) 

(discharge) 

55 

S03 

56 

396 

These  results  are  represented  by  the  curves  in  Fig.  130. 

The  table  shows  clearly  the  ionisation  produced  by  the  electne 
field,  for  the  currents  for  the  same  potential  difference  were  alwap 
greater  when  the  distance  betweeo  the  electrodes  was  5  mm.  tbu" 
when  it  was  1  mm.,  although  in  this  case  the  average  electric  foitt 
was  much  greater  for  the  short  distance  than  for  the  large.  The 
ionisation  by  the  field  set  in  in  this  case  with  potential  differences 
less  than  10  volts. 

The  flat  part  of  the  curves  indicating  a  stage  where  the 
ionisation  increases  very  slowly  with  the  potential  difference  is 
represented  as  we  have  seen  in  the  results  obtained  at  low  pressures 
with  small  currents.  One  of  the  most  interesting  features  of  these 
curves  is  the  very  rapid  increase  of  current  which  occurs  when 
iminosity  sets  in,  in  some  cases  at  this  stage  the  cuirente  increase 
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about  fortyfold  for  an  increase  of  potential  diflference  of  less  than 
1/10  of  a  volt :  this  enormous  increase  in  the  current  involves  of 
course  a  great  increase  in  the  amount  of  ionisation.  A  character- 
istic  and   suggestive  feature  is  the  abruptness  with  which  the 


C«is 


«o    Volt^ 


Fig.  130. 


luminosity  sets  in;  with  small  potential  diflferences  the  whole 
discharge  is  dark,  as  the  potential  difference  increases  a  purplish 
glow  appears  very  gradually  at  the  anode ;  this  is  not  accompanied 
by  any  abrupt  increase  in  the  current ;  still  increasing  the  potential, 
have   a  stage   in   which   all   the  luminosity  in   the  gas   is 


we 


confined  to  this  anode;  suddenly  however  a  blue  glow  quite 
distinct  in  colour  and  appearance  fix>m  that  at  the  anode  springs 
from  the  cathode,  accompanied  by  a  large  increase  in  the  current. 
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Under  favoumble  circumstances  the  appearance  of  this  luminosity 
is  exceedingly  abrupt,  a  change  of  1/10  of  a  volt  being  sufficient 
to  convert  the  discharge  from  a  state  in  which  no  such  luminosity 
could  be  deteptetl  even  in  a  dark  room  to  one  whe-n  it  was  visible 
in  broad  daylight  from  a  considerable  distance, 

The  strength  of  the  electric  field  at  which  this  luminosity 
appears  depends  very  largely  on  the  current  passing  through  the 
gas ;  this  is  shown  by  the  curves  in  Fig,  130,  but  still  more  plainly 
in  Fig.  131,  which  represents  ange  in  the  potential  current 


Fig.  131. 

curves  produced  by  diminishing  the  supply  of  corpuscles  by 
lowering  the  temperature  of  the  cathode ;  it  will  be  seen  that  the 
potential  difference  required  to  produce  luminosity  with  the  small 
cun^ent  is  much  greater  than  that  required  with  the  large.  It  is 
easy  by  altering  the  temperature  of  the  cathode  to  pass  from  a 
state  of  things  where  a  potential  difference  of  twenty  volts  will 
produce  this  luminosity  to  one  where  a  potential  difference  of 
several  hundred  is  unable  to  do  so. 

We  can  also  show  the  effect  of  current  density  without  altering 
the   temperature  of  the   cathode   by  placing  near  the  tube  an 
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electromagnet,  so  arrai)g«l  that  the  line*  of  magnetic  force  are 
parallel  to  the  line  joining  the  trathodE^  and  anodp  in  the  discharge- 
tube.     The  effect  of  the  magnetic  force  is  to  make  the  corpuscles' 
run  along  the  lines  of  force,  and  thus  withoat  altering  the  number 
of  corpuscles  emitted  by  the  cathode  it  concentmtea  their  paths 
UHul   so  increases  the  current  density  in  the   tube.     Whon   the 
Bvi^et  is  'on,'  ionisation  and  luminosity  occur  in  the  tube  with 
^K  lower  potential  than  when  it  ie  '  off.'  and  it  is  easy  to  arrange 
Spatters  so  that,  keeping  the  potential  difference  constant,  the 
^pecharge  is  luminous  when  the  magnet  is  on  and  dark  when  it  is 
nff.    When  the  potential  difference  is  too  small  to  produce  a  bright 
liii^hiirge  even  when  the  magnet  is  on,  the  current  through  the 
u\\ie  is  often  greater  when  the  magnet  is  on  than  when  it  is  off. 
By   placing  the  magnet  so  that  the  lines  of  magnetic  force  are 
across  the  line  joining  the  anode  and  cathode  we  can  render  the 
paths  of  the  corpuscles  more  diffuse  than  they  would  be  without 
the   magnetic   tield.  so   that   the   maximum   current   density  is^ 
diminished   by  the  magnet.     In  this  case   it   requires  a   larger 
potential   difference  to  produce  a  luminous  discharge  with  the 
magnet  on  than  with  it  off.     Similar  effects  produced  by  a  magnet 
on    another   kind    of   discharge    are    described   in   my  'Recent 
Kescarches,'  p.  105. 

The  fact  that  the  strength  of  the  electric  field  when 

inosity  sets  in  depends  upon  the  current  density  is  I  think  an 

iHustration  of  the  principle  enunciated  in  §  228,  that  the  discharge 

produces  a  cumulative  effect  on  the  molecules  of  the  gas  in  its 

immediate  neighbourhood,  and  that  the  luminosity  of  an  at<.>m  need 

not  be  the  result  of  a  single  collision  between  a  corpuscle  and  the 

atom.     For  if  the  luminosity  were  the  result  of  one  collision,  then, 

since  the  energy  of  the  corpuscle  depends  only  upon  the  cloctric 

fiold  and  not  upon  the  current  density,  the  effect  of  increasing  the 

current  density  would  merely  be  to  increase  in  the  same  proportion 

the  number  of  luminous  atoms;  while  as  a  matter  of  fact  if  the 

potential  difference  between  the  electrodes  is  kept  constant  rind 

the  current  increased  by  raising  the  temperature  of  the  cathmlo, 

^.the  increase  in   the  luminosity  is  greater  out  of  all  proportion 

■fina  the  increnso  in  the  current,    From  the  abruptness  with  which 

^Be  Inmitioflity  Bets  in,  it  would  seem  as  if  just  before  the  discharge 

^^ne  of  the  atoms  of  the  gas  are  in  a  critical  condition,  so  that  a 

^^B  I. 
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veiy  Blight  increase  in  the  strength  of  the  electric  field  makes  the 
equilibrium  of  the  atom  unstable,  an  explosion  occure  resulting  in 
an  expulsion  of  corpuscles,  producing  an  increase  in  the  current, 
and  such  a  shaking  up  of  the  atom  that  the  energy-  radiated  by 
the  corpuscles  in  it  is  sufEcient  t<}  produce  luminosity.  Thus  the 
luminosity  and  ionisation  which  accompanies  it  may  be  regarded  as 
arising,  not  from  the  corpuscles  in  the  atom  being  dragged  out  by 
the  direct  action  of  the  electric  field,  or  from  being  knocked  out  by 
rapidly  moving  corpuscles  striking  against  them,  but  rather  from  an 
explosion  in  the  atom,  due  to  the  atom  having  absorbed  so  much 
internal  energy  that  its  equilibrium  becomes  unstable.  We  have 
already  seen  reasons  for  supposing  that  in  the  case  of  secondary 
Bontgen  radiation  and  the  emission  of  corpuacles  by  metols  ex- 
posed to  ultra-violet  light  something  of  this  kind  takes  place. 

To  get  a  more  definite  conception  of  the  w.ay  the  instability 
arises,  let  us  suppose  that  for  the  atom  to  become  unstable  and 
luminous  its  internal  energy  must  increase  until  it  reaches  a 
definitt'  value  E,.  If  the  energy  possessed  by  a  corpuscle  were 
within  certain  limita,  the  effect  of  one  collision  of  the  corpuscle 
with  an  atom  might  be  to  give  to  the  atom  enough  internal  enei^ 
to  make  it  luminous.  But  even  if  the  corpuscle  were  less  energetic, 
and  in  one  collision  gave  a  smaller  amount  of  internal  energy  to 
the  atom,  it  would  still  communicate  some  energy  to  it,  and  if  the 
atom  had  any  power  of  storing  up  energy,  this  would  form  a  con- 
tribution towards  the  critical  amount  of  energy  required  to  make 
the  atom  luminous. 

The  atom  after  having  had  this  energy  communicated  to  it 
would  not,  as  long  as  it  retained  any  of  it,  require  as  much  energy 
to  make  it  luminous  as  before.  The  atom  too  might  acquire 
energy  not  merely  by  its  own  collisions  with  corpuscles  but  also 
by  the  collisions  of  corpuscles  with  neighbouring  atoms.  Such 
collisions  would  generate  soft  Bontgen  rays  the  energy  of  which 
might  be  absorbed  by  the  neighbouring  atoms  and  help  to  raise 
their  energy  to  the  critical  point.  The  eneigy  in  these  rays  might 
by  itself  raise  the  internal  energy  of  the  atoms  to  this  critical 
value  or  ebe  raise  it  so  nearly  to  this  value  that  a  collision  with 
a  corpuscle  would  give  it  enough  energy  to  carrj-  it  past  the 
critical  stage.  The  rate  at  which  energy  comes  to  an  atom,  from 
collisions  of  corpuscles  with  itself  and  with  neighbouring  atoms,  j 
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irill  depend  upon  the  rate  at  which  energy  is  communicated  by 
"  e  electric  field  to  the  gas,  t.e.  it  will  depend  upon  Fx  nu,  where 
is  the  electric  force  in  its  neighbourhood  and  nu  the  Sow  of 
Bisorpuscles  through  unit  area,  and  not  merely  on  F  itself  The 
*  atom  will  radiate  away  some  of  its  internal  energy ;  if  the  rate  of 
this  radiation  at  any  time  is  proportional  to  E,  the  internal  energy 
possessed  by  the  atom  at  that  time,  say  equal  to  ^E,  then  if  q  is 
the  rate  at  which  internal  energy  is  being  communicated  to  the 
atom,  we  have 


K90  that  if  E  vanishes 


(It  ' 
wilh  (, 

E  = 


a- 


-"'). 


Thus  qlS  ia  the  limit  to  the  internal  energy  acquired  by  the 
Btom.  and  the  atom  will  or  will  not  acquire  the  critical  amount 
.  of  energy  Ei  according  as  9  is  greater  or  less  than  ^Ei,  in  the  first 
'  ease  the  atom  will  become  luminous  while  in  the  second  it  will 
jlot.  As  q  depends  upon  nu  as  well  as  upon  F,  we  see  that  when 
i  large  the  atom  may  become  luminous  with  smaller  electric 
[fields  than  when  nu  in  small.  This  result  is  a  very  marked 
*  feature  of  the  discharge. 

233.     In   the   cases  we  have  been  considering,  there  was  a 

source  of  corpuscles,  in  one  case  the  hot  lime,  in  the  uther  Efintgen 

raj's  or  ultra-violet  light,  independent  of  the  electric  field ;  this  field, 

acting   on  the  corpuscles  produced  by  these  agents,  gives  them 

enough  energy  to  produce  new  ions  by  collision  with  the  molecules  of 

the  gas  through  which  they  are  moving ;  in  this  way  the  number  of 

'corpuscles  is  greatly  multiplied  and  they  become  even  in  com- 

ratively  weak  fields,  numerous  enough  to  carry  large  currents  and 

e  rise  to  the  luminosity  characteristic  of  many  kinds  of  discharge. 

'  however  there  is  no  supply  of  corpuscles  except  those  pro- 

I  by  the  field  itself,  the  casual  presence  of  a  few  corpuscles 

I  the  gas  when  the  field  was  first  applied  could  not  give  rise  to 

i^  permanent  current  through  the  gaa.     For  these  corpuscles  would 

ider  the  action  of  the  electric  field  be  pushed  away  from  the 

^cathode,  and  as  there  is  no  source  of  corpuscles  in  their  rear  would 

be  renewed,  thus  though  in  consequence  of  lonisation  by 

any  more  corpuscles  might  reach  the  anode  than  weTft 
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originally  present  iu  the  gas,  the  supply  would  give  out  afWr  a 
time  proportional  to  that  required  by  a  corpuscle  to  travel  from  one 
electrode  to  the  other.  The  conductivity  of  the  gas  would  however 
be  maintained  if  the  positive  ions  could  produce  ions  by  coilisictn 
either  with  the  molecules  of  the  gas  or  with  the  cathode  itself,  for 
in  thia  case  as  the  positive  ions  moved  backwards  they  would 
supply  corpuscles  to  take  the  place  of  those  expelled  by  the 
electric  field.  We  have  eWdence  that  the  positive  ions  in  very 
strong  electric  fields  can  produce  corpuscles  both  by  collision  with 
the  molecules  of  a  ga*i  and  with  a  metal  electrode.  The  firet 
proof  of  ionisation  by  collision  of  positive  ions  with  the  molecules 
of  a  gas  was  obtained  by  M^Jlelland",  who  meitniired  the  relatjnn 
between  the  current  and  the  potential  difference  when  the  atiode 
was  a  hot  platinum  wire  and  the  cathode  a  coaxial  metal  tube  at 
the  temperature  of  the  room.  The  hot  wire  gives  out  as  we  have 
seen  positive  ions,  these  are  repelled  from  the  wire  and  carry  the 
current  through  the  gas.  The  relation  between  the  current  and 
the  puleiitidl  difference  is  represented  by  the  curve  in  Fig.  132.  in 
this  case  the  pressure  of  the  gas  was  '75  mm. 
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Fig,  183, 

We  see  irom  this  figure  that  the  current  gets  saturated  when 
the  potential  difference  is  about  SO  volts  and  does  not  appreciably 
incFL'ase  until  the  potential  difference  is  200  volts,  after  this  it 
increases  rapidly,  indicating  that  ionisation  by  the  electric  field 
has  set  in.  and  as  only  positive  ions  start  from  the  hot  wire  the 
ionisation  must  be  produced  by  the  agency  of  the  positive  ions.  Wf 
see  that  ionisation  does  not  begin  until  the  potential  difference  is 
*  MtJlalland,  Prof.  Camb.  PliU.  Sot.  li,  p.  336,  1901,  d 
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very  large.  The  following  experiment  made  by  the  author*  shows 
directly  the  ionisation  produced  by  the  collision  between  rapidly 
moving  positive  ions  and  the  molecules  of  a  gas,  and  also  the 
liberation  of  corpuscles  by  the  impact  of  positive  ions  against 
a  metal  plate. 


^zz 


B 


;^ 


3o 


il.ri 


^.^ 


Fig.  133. 

C  is  the  cathode  of  a  discharge  tube  containing  gas  at  a  low 
pressure,  the  anode  is  the  wire  at  the  top;  the  brass  tube  B  is 
fitted  into  a  hole  in  C  so  that  positive  ions  coming  from  the  anode 
to  the  cathode  may  travel  down  the  tube  and  fall  upon  the 
plate  M\  this  plate  can  be  charged  positively  or  negatively  by 
means  of  a  wire  attached  to  it  and  passing  out  of  the  tube.  The 
discharge  through  the  tube  was  produced  either  by  an  induction 
coil  or  by  a  Wimshurst  machine,  the  results  were  the  same  whichever 
instrument  was  used.  The  cathode  G  was  earthed  and  a  strong 
transverse  magnetic  force  applied  to  J?  to  prevent  any  cathode  rays 
due  to  a  reversal  of  the  coil  passing  down  the  tube.    That  th<^ 

♦  J.  J.  TfaomMo,  Proc.  Comb.  PMl.  Soc.  liii.  p.  7X%^  IWb. 
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positive  iona  produce  oorpuseles  when  they  impinge  against  die 
metal  plate  M  can  easily  be  shown  by  charging  M  negatively,  say 
bo  a  potential  of  80  volts;  then,  proceeding  from  the  part  of  the 
plate  struck  by  the  positive  ions,  a  pencil  of  feebly  luminous  rare 
canbeHeen.presentingan  appearance  like  that  shown  in  Fig.  133.  ^: 
this  pencil  can  by  applying  a  magnet  he  shown  to  consist  of 
corpuscles,  for  it  is  very  easily  deviated  by  the  magnet  and  the 
■  direction  of  deflection  shows  that  the  rays  are  negatively  charged. 
These  rays  are  not  projected  from  the  plate  with  any  great 
velocity,  this  is  proved  by  the  fact  that  they  are  completely 
stopped  when  the  plate  is  charged  positively  to  a  potential  of 
2  or  3  volts. 

The  appearance  of  the  beam  of  positive  ions  when  M  is  changed 
positively  shows  that  corpuscles  are  produced  by  the  passage  of 
the  positive  ions  through  the  gas  before  they  strike  against  the 
metal,  for  in  this  case  the  boundary  of  the  beam  of  positive  iona 
becomes  fluffy  and  bends  towards  the  positive  plate  as  in  Fig.  133,  <■; 
the  fluffy  boundary  is  very  susceptible  to  magnetic  forces  and 
the  direction  of  the  displacement  shows  that  it  is  formed  by 
corpuscles. 

Austin*  has  also  recently  shown  that  the  impact  of  positive 
ions  against  a  metal  plate  makes  it  emit  corpuscles. 

234  Townsend-f  has  measured  the  number  of  ions  produced 
by  the  collision  of  positive  ions  in  air  and  hydrogen,  and  HurstJ 

Nitrogen,  ji= 4  mm. 


1050 
Hydrogen,  p  = 


Hydrogen,  p — 2  mm. 


1400 
CO„p- 


Nitrogen,  ;>— 2  mm. 


*  ADBtin,  Phyt.  Rev.  tin.  p.  312,  IW6. 
t  Townsend,  Phil.  Slag.  [6]  G,  p.  R98,  190B. 
I  Hurst,  Phil.  Ma9,^ft\  VI,  5.535,  1906. 
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the  Duinber  in  CO,  and  nitrogen  at  different  pressures  and  in 
electric  fields  of  different  strengths,  some  of  their  results  are  given 
in  tht;  Table  on  the  preceding  page :  X  represents  the  force  acting 
on  the  positive  ion  expressed  in  volts  per  centimetre,  ff  the  number 
of  ions  produced  by  a  positive  ion  per  cm.  of  path,  and  p  the  pressure. 
It  will  be  noticed  that  the  positive  ions  produce  many  more 
hydrogen  than  they  do  in  air,  and  a  comparison  with  the 
results  givt-n  on  p.  475  shows  that  the  number  produced  by  the 
positive  ions  is  small  compared  with  that  produced  by  the  cor- 
puscles ;  the  values  of  j9  for  nitrogen  are  considerably  larger  than 
the  corresponding  values  for  air, 

236.     Before  attempting  to  obtain  by  the  principles  we  have 

jen   discussing   the  connection  between  spark  potential,  spark 

mgth  and  pressure  it  will  be  helpful  to  consider  some  facts  as  to 

Ftiie  distribution  of  electric  force  along  the  spark,  obtained  by  the 

vBtudy  of  the  discharge  at  low  pressures  when  the  structure  of  the 

scharge  is  much  more  obvious  than  it  is  at  atmospheric  pressure.. 

(This  structure  as  we  shall  see  later  shows  many  variations,  but  an 

Eampte  which  may  be  taken  as  typical  is  that  shown  in  Fig.  134. 


FiK.  134. 

e  distributiiin  of  electric  intensity  along  the  line  of  discharge  is 
I  Fig.  135,    Next  to  the  cathode  tkete  ia  a  AmV  s^ac* 
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called  the  Crcwkes  dark  space,  the  thickness  of  which  does  not 
depend  upon  the  distance  between  the  electrodes,  then  conies  a 
luminous  piece  called  the  negative  glow,  then  comes  a  dark  space 


called  the  Faraday  dark  space,  and  len  a  stretch  of  Kimiiiosity 
reaching  to  the  anode,  called  the  ]jLisitive  column.  From  the  cuire 
giving  the  electric  intensity  we  see  that  this  is  approximately 
uniform  along  the  positive  column ;  but  that  in  the  Crookea  dark 
space  the  electric  intensity  is  very  much  greater.  The  potential 
difference  between  the  cathode  and  the  negative  glow,  called  the 
cathode  potential  fall,  is  as  we  shall  see  later  independent  of  the 
pressure  of  the  gas  and  of  the  distance  between  anode  and  cathode,  ae 
long  as  this  is  greater  than  the  thickness  of  the  dark  space.  Becent 
measurements  made  by  Strutt  have  proved  that  the  cathode  tall 
of  potential  is  equal  to  the  minimum  spark  potential  We  see, 
too,  that  it  is  only  in  the  Crookes  dark  space  that  the  electric 
intensity  is  greater  than  in  the  uniform  positive  column,  it  is 
therefore  only  in  this  space  that  the  positive  ions  would  be  likely 
to  produce  iresh  ions  by  collisions  with  molecules  of  the  gas.  To 
sum  up  we  have  a  uniform  electric  intensity  along  the  positive 
column  and  a  variable  but  very  much  greater  intensity  inside  the 
Crookes  dark  space.  The  thickness  of  the  dark  space  does  not 
depend  upon  the  distance  between  the  electrodes,  so  that  the 
further  these  are  apart  the  longer  the  region  of  uniform  electric 
intensity  along  the  positive  column. 

The  distribution  of  electric  force  given  in  Fig.  135  shows  that  it 
ia  only  close  to  the  cathode  that  the  positive  ions  can,  in  a  space 
UBble  with  the  &ee  "path  of  au  \ot^,&U.  tfacoogh  the  p- 
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difference  neceasary  to  give  them  enough  energy  to  produce  ions  by 
collision  with  molecules  of  the  gas  or  by  impact  gainst  a  metal 
plate.  As  it  is  only  in  a  thin  layer  of  gas  close  to  the  electrode 
that  the  positive  ions  can  produce  fresh  ions  by  collisions  with  the 
gas,  the  number  of  ions  produced  in  this  thin  layer  will  probably 
be  very  small  compared  with  those  produced  by  collision  with  the 
cathode  itself,  and  in  any  case  since  the  seat  of  production  of 
corpuscles  by  the  collision  of  positive  ions  is  close  to  the  surfocc  of 
the  cathode,  the  mathematical  development  of  the  consequences  of 
this  production  wilt  proceed  along  the  same  lines  whether  the  gas 
produces  an  appreciable  traction  of  the  corpuscles  or  not. 

Suppose  then  we  have  two  parallel  metal  plates  with  a  strong 
electric  field  between  them,  then  when  a  current  of  electricity 
passes  through  the  gas  between  the  plates,  the  positive  ions  are 
driven  up  against  the  cathode  with  such  a  high  velocity  that  they 
cause  the  cathode  to  emit  a  stream  of  corpuscles.  These  corpuscles 
driven  off  from  the  cathode  acquire  under  the  electric  field 
HufCicient  energy  to  ionise  the  gas,  producing  positive  ions  which 
strike  against  the  cathode  and  produce  corpuscles  by  their  impact. 
Thus  the  corpuscles  driven  from  the  cathode  and  the  positive  ions 
in  the  gas  are  mutually  dependent  on  each  other,  the  positive  ions 
producing  the  corpuscles  and  the  corpuscles  the  positive  ions ;  the 
two  streams,  positive  iona  in  one  direction,  corpuscles  in  the 
opposite,  are  inneparably  connected  and  if  one  disappears  the 
other  must  disappear  also. 

This  mutual  dependence  of  the  corpuscles  and  the  positive  ions 
ifl  shown  in  a  very  beautiful  way,  in  some  experiments  made  by 
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Schuster*  and  Wehneltt  on  the  effect  of  placing  solid  obstacles  in 
the  Crookes  dark  space,  these  obstacles  cast  a  shadow  on  the  cathode 
and  there  is  no  emission  of  cathode  raj-s  from  the  region  of  this 
shadow.  This  effect  is  illustrated  In  Fig.  13tJ,  taken  from 
Wehnelt's  paper ;  in  this  figure  D  is  the  obstacle,  K  the  cathode. 

236.  We  shall  now  proceed  to  calculate  the  relation  between 
V  the  potential  difference  and  d  the  distance  between  the  plates ; 
we  shall  suppose  that  the  current  is  small  so  that  there  are  not 
enough  ions  between  the  plates  to  appreciably  disturb  the  uniformity 
of  the  electric  field :   thus  the  potential  difference  between  the 

cathode  and  a  point  distant  x  from  it  will  be  —r .     If  n  is  the 

number  of  corpuscles  and  u  the  velocity  of  the  corpuscles  at  this 
point  the  number  of  positive  ions  produced  by  them  in  a  layer  of 
thickness  hx  is  proportional  to  nu&r,  let  it  be  equal  to  anu£x ',  if  the 
positive  ions  had  ao  uniaterrupted  &11  to  the  cathode  they  would 

reach  it  with  an  amount  of  energy  -j- ,  where  e  is  the  charge  on 

the  ion,  but  the  energy  will  be  less  than  this  (I)  because  the  ions 
lose  some  of  their  energy  by  collision  before  they  reach  the  cathode 
and  (2)  because  some  of  the  ions  recombine  during  the  journey  and 
so  do  not  reach  the  cathode  at  all ;  we  shall  suppose  that  on  the 
average  the  energy  possessed  by  the  positive  ions  when  they  reach 

the  cathode  is  — j-  *~*',  thus  the  energy  given  to  the  cathode  in 

unit  time  by  the  positive  ions  is 


thus  nu=iioU,e", 

where  MoU,  is  the  stream  of  corpuscles  coming  from  the  cathode: 
but  the  emission  of  corpuscles  from  the  cathode  ia  due  to  the 
impact  of  the  positive  ions;  if  we  suppose  that  the  number  of 
corpuscles  emitted  in  unit  time  is  proportional  to  the  energy  given 

•  Schuster,  Frae.  Ron-  Sac.  ilvii.  p.  567,  1890. 
t  Wshoelt,  Witd.  Am.  livii  p.  431,  1899. 
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up  to  the  cathode  by  the  positive  ions  in  that  time  we  have 

J  0 

where  A:  is  a  constant. 


"^        Vex     -^ , 
anu  -J-  €~^*dx, 


Substituting  for  nu  the  value  riot^e"*  we  get 

Ve     f^ 
1  =  A;  -J-  a  /    ^x  e-^'dx, 

cL     J  0 


,Ve     {    d      ,    ., .      e^-^'**  1      ] 


or 


F= 


a-/8  1 

a     ke  ■ 


{i-^y     (a 

1 


rf(o-/8)  '  d(a-fi)} 


.(!)• 


This  equation  gives  the  relation  between  the  potential  diflference 
and  the  distance  between  the  electrodes. 

Now  a  is  proportional  to  1/X,  and  fi  to  l/\\  where  \  is  the  mean 
fipee  path  of  a  corpuscle  and  V  that  of  a  positive  ion  in  the  gas ; 
as  long  as  we  keep  to  the  same  gas  both  \  and  \'  will  be  propor- 
tional to  L  the  mean  free  path  of  a  molecule  of  the  gas,  thus  both 
a  and  fi  are  proportional  to  the  pressure,  and  therefore  (a  —  /3)/a 
will  be  independent  of  the  pressure;  we  see  from  (1)  that  7  is  a  func- 
tion of  pd,  where  p  is  the  pressure,  thus  Paschen's  law  is  obeyed. 

We  see  that  when  d=^0,  Via  infinite,  thus  it  would  be  impos- 
sible to  produce  indefinitely  short  sparks  by  the  mechanism  we 
are  discussing;  when  we  considered,  see  p.  455,  such  sparks  we 
suggested  that  they  arose  in  a  different  way. 

The  denominator  of  the  right-hand  side  of  equation  (1)  is  a 
maximum  and  therefore  F  is  a  minimum,  when  d  has  the  value 
determined  by  the  equation 


£(-fn)=«. 


dx 

where  x  is  written  for  (a— )8)d.     Thus  a?  is  a  solution  of  the 

equation 

^{x'-x  +  l)  =  l, 

or  a?  =  —  1*8  approximately,  thus  the  spark  length  for  minimum 

1*8 

potential  is  ^  ^    ,  and  the  minimum  potential  V^  is  given  by 


/ 
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the  equation 

r.=?^^^  , 

a       ke                                     ' 

[XV 


(2). 


Since  a  and  ^  are  both  inversely  proportional  to  the  mean  free 
path  of  the  molecules  of  the  gas,  i.e.  are  directly  proportional  to 
the  presBure,  the  critical  apark  length  on  this  theory  would  vary 
inversely  as  the  pressure,  this  aa  we  have  seen  is  the  case.     Since 

is   indcpendeni  re,   the   oiiniiDum   potential 

required  foi  e  independent  of  the  pressure. 


J9 


If  I  is  the  critic 
potential,  we  have,  bj 
mean  free  path  of  a  c^ 


and  Kg  the  loinimuin  spark 
itting  a=  1/X.  where  X  is  the 
[as  at  the  critical  pressure, 


Now  by  the  definition  a  potential  difference  through 

which  one  positive  ion  must  fall  to  liberate  one  corpuscle  from 
the  cathode,  if  we  call  this  potential  difference   U,  we  have 


Since  I  is  considerably  greater  than  \,  V,  is  less  than  17.     For  air 
X/i  is  about  10,  so  that  F.  =  121/. 

237.  So  far  we  have  supposed  that  the  ionisation  produced 
by  the  positive  ions  takes  place  at  the  sur&ce  of  the  cathode,  we 
can  eaaily  extend  the  method  so  as  to  take  into  account  the 
ionisation  produced  by  the  positive  ions  throughout  the  volume  of 
the  gas. 

Let  m  be  the  number  of  positive  ions  per  unit  volume,  w  their 
velocity,  the  number  of  collisions  made  per  sec.  per  c.c.  by  these 
ions  will  be  proportional  to  mwp,  where  p  is  the  pressure  of  the  gas ; 
let  the  number  of  ions  which  in  one  second  will  result  from  these 
collisions  be  7mw,  y  will  be  a  function  of  the  p  and  of  the  strength 
of  the  electric  field,  it  will  vanish  when  the  strength  &lls  belov 
a  certain  critical  value  depending  on  the  pressure.  Let  as  before 
n  be  the  number  of  corpuscles  per  cc,  u  their  velocity  and  mu 
the  number  of  ions  which  in  one  second  resolts  from  the  co 
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between  the  corpuscles  and  the  gas.   The  number  of  ions  produced 
per  sec.  per  c.c.  is  equal  to 

anu  +  ymw, 

hence  when  things  are  in  a  steady  state  we  have  by  the  equation 
of  continuity 

—  (jiu)  =  anu  +  ymw, 

—  -7-  {mw)  =  anu  +  ymw, 

e  {nu  +  mw)  =  i, 

where  i  is  the  current  per  sq.  centimetre  and  e  the  charge  on 
an  ion. 

Hence  we  have 

^(nw)  =  (a-7)nu  +  '^, 

the  solution  of  which  is,  when  the  field  is  uniform  so  that  a  and  y 
are  independent  otx, 


enu  =  (?€<•->>*  - 


71 


a  — 7 
where  C  is  a  constant  of  integration. 

If  there  is  no  emission  of  positive  ions  from  the  anode,  then 
when  x  =  d,  enu  =  i ;  determining  C  from  this  condition  we  have 

enu  =  — ^  {«€<•->>  <*^  -  7I : 

the  flow  of  corpuscles  from  the  cathode  is  got  by  putting  a?  =  0  in 
the  expression  for  nu  and  is  therefore  equal  to 

(a -7) 

This,  on  the  assumption  of  the  preceding  paragraph,  is  equal  to  k 
times  the  energy  given  to  the  cathode  per  second. 

We  can  calculate  this  energy  as  before ;  the  number  of  positive 
ions  produced  per  second  in  a  layer  of  thickness  dx  at  sl  distance  x 
from  the  cathode  is 
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the  ener^  given  up  by  these  to  the  cathode  is                               | 

e                     a 

hence  the  energy  given  to  the  cathode  per  second  by  the  podtive 

ions  is 

■"I'*"^"'//""'"''"'"'^' 

and  therefore 

— ^(ae-"-''"' 

(.-KjdJ'  ei.-yi«fl^-*«da:, 

or 

* 

1             Cli 

-w+(.-y-wr-*'' 

an  equation  giving  V/d  i- 

when  we  know  the  expression 

for  y  in  terms  of  V/d. 

We  see  from  this  equation  that  V  ia  infinite  when  d  =  0,  and 
when  d  is  infinite,  hence  again  there  will  be  a  minimum  potential 
difference  and  a  critical  spark  length ;  we  see  too  from  the  equations 
that  the  minimum  potential  will  be  less  when  both  y  and  k  are 
finite  than  when  either  vanishes. 

The  left-hand  side  of  equation  (3)  cannot  be  negative,  the 
term  t"^  increases  rapidly  with  d  so  that  when  the  distance  between 
the  plates  is  a  very  latge  multiple  of  the  mean  free  path  of  a 
corpuscle,  the  left-hand  side  would  become  negative  unless  y  were 
exceeding  small.     For  values  of  d,  large  compared  with  the  critical 
spark  length,  the  right-hand  side  of  (3)  is 
Ve 
'^d(a-y-^y 
hence  remembering  that  y  is  small  compared  with  a  equation  (3) 
becomes 

y.«--4.- J^-^ (4). 

Now  7  is  a  function  of  V/d,  and  in  the  ezpreasion  far  y  in 
powers  of  V/d  the  coefficients  of  V/d  will  not,  like  tl 
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the  right-hand  side  of  (4),  diminish  as  d  iaereases,  hence  when  d 
is  very  large  we  may  neglect  the  second  term  on  the  right-hand 
side  of  (4)  and  the  equation  reduces  to  7  =  ae"*^. 

This  equation  enables  us  to  find  Vjd,  if  we  know  the  way 
the  ionising  power  of  the  positive  ions  depends  on  the  strength 
of  the  electric  field.  When  d  is  very  large  we  have  7=0,  hence 
discharge  will  begin  practically  as  soon  as  the  field  is  strong  enough 

rgive  the  positive  ions  any  ionising  power  at  all. 
In  this  ease  the  strength  of  the  electric  field  is  uniform  from 
one  electrode  to  another,  this  must  be  the  case  unless  there  is  free 
electricity  between  the  electrodes,  and  when  the  field  is  unifonn 
the  p«)sitive  ions  produce  ions  all  along  the  spark.  To  maintain  the 
discharge  it  is  sufficient  that  the  [xisitive  ions  should  pi-odiice 
fresh  ions  in  the  neighbourhood  of  the  cathode,  the  cathode  will  then 
be  analogous  to  the  hot  lime  cathode  described  on  page  477,  and 
a  very  moderate  electric  field  between  this  and  the  anode  will  be 
sufficient  to  produce  the  discharge.  Thus  if  instead  of  having  the 
field  imiformly  distributed  from  anode  to  cathode  we  concentrate 
the  field  near  to  the  cathode,  leaving  the  rest  of  the  field  com- 
paratively weak,  a  smaller  potential  difference  will  maintain  the 
<li*;harge  than  if  the  field  were  uniform.  This  concentration  of 
the  field  requires  the  presence  of  large  quantities  of  free  ions  near 
the  cathode,  and  until  these  accumulate  the  field  will  be  uniform. 
if  the  uniform  field  to  begin  with  were  strong  enough  to  make 
the  corpuscles  produce  ions  by  their  collisions,  but  not  strong 
enough  to  make  the  positive  ions  do  so,  there  would  be  a  finite 
accumulation  of  free  ions,  the  amount  of  which  would  depend  on 
the  number  of  corpuscles  present  originally  and  upon  the  strength 
of  the  field :  if  this  accumulation  were  sufficient  to  make  the  field 
close  to  the  cathode  strong  enough  to  give  rise  to  ionisation  by 
positive  iona  a  current  would  pass;  if  not  there  would  be  no 
discharge,  and  the  potential  difference  between  the  electrodes 
uld  have  to  increase  until  the  positive  ions  produced  other  ions 
|icoIIiBion,i.e.  would  have  to  increase  until  7  became  finite.  When 
t  a  spark  passes,  ions  are  produced  in  great  abundance  and 
Sere  is  an  ample  supply  to  produce  the  requisite  concentration  at 
the  cathixlo ;  thus  after  a  spark  has  once  been  started  it  may 
happen  that  a  smaller  potential  difference  is  sufficient  to  maintain 
^^k  produce  another  spark  following  soon  after  the  first. 
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The  difference  between  a  continuouH  dtscharg*  and  the  first 
spark  is  well  showii  in  the  difference  between  the  appearance 
presented  by  the  discharge  through  a  gas  at  low  pressure  of  a 
continuous  current,  and  an  instantaneous  discharge  produced  bj 
discharging  a  charged  Leyden  jar  of  large  capacity  across  an  air 
gap  placed  in  series  with  the  discharge  tube ;  the  first  discbarge 
shows  the  highly  differentiated  appearance  represented  in  Fig.  134, 
the  second  is  a  uniform  column  of  light  stretching  without  any 
dark  space  from  cathode  to  anode. 

238.  There  are  some  cases  in  which  a  field  sufficiently  intense 
to  cause  corpuscles  to  produce  ions  might  produce  a  continuoas 
discharge  without  the  necessity  of  the  positive  ions  acting  as 
ionisers ;  thus  if  the  lines  of  electric  force  formed  closed  curves,  as 
they  do  when  the  field  is  produced  by  electromagnetic  induction, 
the  corpuscles  travelling  round  these,  and  not  as  in  the  case  of 
discharge  between  electrodes  being  driven  out  of  the  gas  into 
electrodes,  would  go  on  producing  a  continually  increasing  supply 
of  other  corpuscles  and  a  discharge  would  pass.  Another  case  is 
when  the  electric  force  is  continually  changing  its  direction ;  thus 
suppose  A  and  B  are  the  electrodes  and  to  begin  with  A  is  the 
cathode,  let  the  field  be  sufficiently  strong  for  the  corpuscles  to 
produce  ionisation  by  collisions,  when  the  field  is  applied  the 
number  of  corpuscles  between  the  plates  will  increase  and  there 
will  be  many  more  corpuscles  in  the  neighbourhood  of  B  than 
there  were  originally,  if  the  field  continued  in  one  direction  these 
would  be  driven  into  B  and  disappear  from  the  gas ;  if  we  reverse 
the  field  before  this  occurs  then  the  corpuscles  near  B  will  be 
driven  back  towards  A  and  will  produce  other  corpuscles ;  if  we 
again  reverse  the  field  before  these  have  reached  A,  they  will 
again  be  driven  back  and  produce  other  corpuscles,  in  this  way 
the  number  of  corpuscles  in  the  field  will  increase  in  geometrical 
progression  and  a  discharge  will  ultimately  pass.  A  rapidly 
alternating  potential  difference  may  thus  produce  a  discharge 
while  a  constant  potential  difference  of  the  same  magnitude  would 
be  unable  to  do  so. 

If  the  supply  of  ions  is  sufficient  to  make  the  electric  field 
near  the  cathode  so  strong  that  the  positive  ions  can  ionise  the 
gas,  the  potential  will  be  distributed  so  that,  starting  from  the 
cathode,  there  is  a  rise  of  potential  equal  to  the  minimum  spark 
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potential  ia  a  distance  equal  to  the  critical  spark  length,  in  this 
region  there  ia  rapid  production  of  corpuscles,  which  stream  out 
towards  the  anode;  as  we  have  got  this  supply  of  corpuscles 
it  is  not  necessary  that  the  rest  of  the  field  should  be  strong 
enough  to  make  the  positive  ions  act  as  ionisers,  indeed  there 
would  be  a  current  if  no  further  ionisation  even  by  corpuscles  took 
place,  but  in  this  case  there  would  be  an  excess  of  negative 
electricity  along  the  path  of  the  corpuscles  and  the  intensity  of 
the  electric  force  would  increase  rapidly  towards  the  anode. 

If,  as  in  the  case  shown  in  Fig,  135,  the  electric  force  in  the 
part  of  the  field  not  in  the  immediate  neighbourhood  of  the 
cathode  is  uniform,  there  can  be  do  free  electricity  in  this  part 
of  the  field,  so  that  positive  ions  as  well  as  corpuscles  must  be 
present,  thus  the  corpuscles  must  produce  ionisation ;  when  the 
conditions  do  not  alter  with  the  distance  fit)m  the  anode 
d  (nu)jdai  =  0,  hence,  see  page  473  we  have 

the  solution  of  this  is  XX=  c,  where  c  may  involve  »,  the  intensity 

of  the  current  through  the  gas;  thus  along  the  uniform  column 

X=',  and  the  fall  of  potential  along  this  column  is,  if  2  is  the 

cl 
length  of  the  colanm,  Xl  =  — ,  hence  if  F*  is  the  difference  of 
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potential  between  the  electrodes,  V^  the  minimum  spark  potentiaJ, 
then 

F=Z;  +  F;,  =  ^+  n   (2); 

if  we  combine  the  results  represented  by  thia  equation  with  tli06« 
for  aparks  shorter  than  the  critical  value,  the  connection  between 
spark  potential  and  spark  length  will  be  represented  by  a  curve 
such  as  that  represented  in  Fig.  (137),  this  it  will  be  seen  presenM 
the  characteristics  of  the  curves  given  by  Carr. 

It  must  be  remembered  that  these  results  refer  to  the  com- 
tinuous  discharge,  it  may,  as  was  pointed  out,  require  a  much 
greater  potential  difference  to  produce  the  first  spark,  where 
positive  ions  may  have  to  produce  other  ions  all  along  their  paths. 

Discharge  of  Electricity  from  Points. 

239.  A  very  interesting  case  of  electric  discharge  is  that 
between  a  sharply  pointed  electrode,  such  as  a  needle,  and  a  neigh- 
bouring metallic  electrode  of  considerable  area.  In  this  case  when 
the  current  is  small  the  luminosity  ia  confined  at  atmospheric 
pressure  to  the  neighbourhood  of  the  electrode,  the  current  through 
the  rest  of  the  gas  is  carried  almost  entirely  by  ions  of  the  same 
sign  as  the  charge  on  the  point. 

Chattock  (see  page  68)  has  shown  that  the  velocity  of  these 
ions  under  unit  electric  force  is  the  same  as  that  of  the  ions  pro- 
duced by  Riintgen  or  Becquerel  rays,  and  Townsend  (see  page  39) 
has  shown  that  the  chaise  on  the  ions  is  also  the  same.  If  the 
point  is  placed  at  right  angles  to  a  large  metal  plane,  then  for 
electricity  to  stream  from  the  point  the  potential  of  the  point 
must  exceed  that  of  the  plane  by  an  amount  called  by  v.  Rontgen* 
the  minimum  potential ;  this  minimum  potential  depends  upon 
the  sharpness  of  the  point,  the  pressure  and  nature  of  the  gas  and 
the  sign  of  the  electrification  of  the  point,  being  less  if  the  point 
is  negatively  than  if  it  ia  positively  electrified;  according  to  War- 
burgf,  the  minimum  potential  does  not  depend  upon  the  distance 
of  the  point  from  the  plane ;  SievekingJ  found  that  this  was  only 

*  T.  BfintgeD,  QbUingen  Sach.  p.  890,  18TS. 
t  Wwborg,  Wied.  Ann.  livii.  p.  68, 1899. 
t  SierekiDg,  Ann.  tUr  Pk^M.  I  p.  399, 1900. 
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true  when  the  distance  between  the  point  and  the  plane  was 
considerable,  for  short  distances  the  minimum  potential  increased 
rapidly  with  the  distance.  When  the  potential  difference  between 
the  point  and  the  plane  exceeds  the  *  minimum  potential '  a  current 
of  electricity  passes  from  the  point  to  the  plane  ;  the  magnitude  of 
this  current  for  a  given  potential  difference  between  the  point  and 
the  plane  rapidly  diminishes  as  the  distance  from  the  plane 
increases:  Warburg  (/. c.)  has  shown  that  if  d  is  the  shortest 
distance  between  the  point  and  the  plane,  then  for  a  given 
difference  of  potential  the  current  is  proportional  to  1/cP'^^  this 
law  holds  whatever  be  the  sharpness  of  the  point. 


Value  of  the  Minimum  Potential, 

240.  As  this  depends  upon  the  sharpness  of  the  point  we  can 
only  compare  the  values  of  this  quantity  for  the  same  point  under 
different  circumstances.  The  following  table  gives  the  value  for 
the  minimum  potential  with  the  same  point  at  different  pressures 
as  determined  by  Tamm* : 


PresBore  in  om.  of  mercury 

Point  - 

Point  + 

76 

2140  volts 

3760  volts 

70 

2135  „ 

3755  „ 

60 

2105  „ 

3705  „ 

60 

2035  „ 

3685  „ 

40 

1905  „ 

3360  „ 

30 

1690  „ 

2970  „ 

20 

1360  „ 

2390  „ 

10 

910  „ 

1580  „ 

Thus  the  change  in  the  minimum  potential  with  the  pressure 
is  very  slow  when  the  pressures  are  high  but  becomes  much  faster 
at  lower  pressures. 

The  ratio  of  the  minimum  potential  for  positive  and  negative 
points  is  approximately  the  same  at  all  pressures.  Observations 
of  the  minimum  potential  in  different  gases  have  been  made  by 
V.  Rontgenf  and  by  PrechtJ;  the  results  of  their  observations  are 

*  Tamm.  Ann,  dtr  Phys.  vi.  p.  259,  1901. 
t  V.  Rdntgen,  Q^tingen  Naeh.  1878,  p.  390. 


t  Preoht,  Wied.  Ann.  zliz.  p.  IdO,  1898. 
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givcD  in  the  followiog  table,  the  numbers  in  the  first  tw^ 
are  dne  to  v.  Runtgen,  those  in  the  third  and  fourth  to  f 


Mioimum  potential,  point  + 

Uat> 

PresBiire  205  mm. 

Pre»sttnj  no  mra. 

Point  -i- 

Pfti*— 

1 

H,    

12M  volt* 

ll74volt8 

9125  volts 

15fiOfDlU   '1 

"r^ 

2-102     „ 

1976    „ 

imi   „ 

asao  „       1 

2634     „ 

2100    „ 

CH, 

2777     „ 

2317    „ 

NO  

3188     „ 

2543     ,. 

CO, 

3287     „ 

2655     „ 

347S     „ 

aioo  „ 

n' 

2600     „ 

2000    „ 

Au-  

2750     „ 

SOW    „ 

Qortoi 

and  Warburg  •  give  the  following  values  for  M  the 

mimmiiin 

potential  from 

the  same  poin 

in  differen 

t  gases. 

0>u 

PreBsnre  760  mm. 

Pressure  48fi  mm. 

+  M 

-M 

+  M 

-M 

+  M 
-It 

H,  

N,  

% 

S;;::::;:: 

1370 
1930 

2560 
22S0 

2660 

1140 
1400 
1950 
1660 
1900 

1-20 
1-36 
1'31 
136 
1-41 

1120 
1630 

1930 
2400 
2500 
2620 

1000 
1200 

1500 
1660 
1700 
1870 

lis 

1-36  ■ 

129 
1-46 
1-47 
1-40 

Ewers-f-   has    recently   shown   that   if  J/^   is   the   minimi 
potential  at  the  pressure  pA,  ^b  that  at  the  pressure  pg,  then 

where  C  is  independent  of  the  pressure. 

*  Oorton  snd  Warburg,  Attn,  dtr  Pkyt.  zvili.  p.  1906. 
t  Ewera,  Ann.  dtr  Ph^t.  xvii.  p.  781,  IBOS. 
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fr        Connection  between  Potential  Difference  and  Current 

241.  Waxburg  (2.c.)  found  that  using  the  same  point  and 
ceeping  it  at  the  same  distance  from  the  plate  the  relation  between 
he  current  i  and  the  potential  V  can  be  expressed  by  the  relation 

i  =  aV(V^M), 

^here  M  is  the  minimum  potential.  Sieveking*  considered  that 
he  linear  relation  i  =  6(F— Jf)  represented  his  experiments  with 
uflScient  accuracy:  in  a  recent  paper  by  Tammf  this  question  is 
iscussed,  and  a  formula  of  the  type  of  Warburg  shown  to  give 
etter  agreement:  in  place  of  the  minimum  potential  M  Tamm 
rrites  ^(ifi  +  M^),  where  Mi  is  the  potential  at  which  the  discharge 
egins  when  the  potential  is  gradually  increased,  if,  that  at  which 
t  leaves  oflF  when  it  is  gradually  lowered ;  the  two  are  not  identical, 
he  latter  being  the  smaller :  the  application  of  the  formula  in 
his  form  is  limited  to  potential  diflferences  considerably  greater 
han  M, 

EwersJ  has  shown  that  for  the  monatomic  gases  Helium  and 
Lrgon,  at  all  temperatures  and  pressures, 

ii^aV-^b. 

Wb  relation  holds  for  diatomic  gases  at  low  pressures  and  at  low 
emperatures,  at  higher  temperatures  and  pressures  the  relation 
3r  these  gases  is 

The  current  with  the  same  potential  diflference  increases  as  the 
iressure  diminishes,  this  is  shown  by  the  following  results  due  to 
'amm  (Z.c).     (See  Tables,  p.  502.) 

It  will  be  noticed  that  the  current  with  the  point  positive  is 
Iways  less  than  that  with  the  point  negative,  the  potential  diflfer- 
nce  being  the  same  in  the  two  cases.  The  increase  of  the  current 
s  the  pressure  diminishes  is  more  rapid  at  small  pressures  than 
t  high  pressures;  the  current  seems  to  be  roughly  proportional 
0  the  reciprocal  of  the  pressure,  while  at  low  pressures  it  varies 
s  the  square  of  this  quantity. 

*  Sieyeking,  Ann.  der  Phys,  i.  p.  299,  1900. 
t  Tamm,  Ann,  der  Phys.  yi.  p.  269,  1901. 
t  Ewers,  Ann.  der  Phys.  xvii.  p.  781, 1905. 
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Tamm  gives  as  the  relation  between  t,  the  current  at  a  pres- 
sure of  X  centimetres,  and  in  the  current  at  76  cm.  pressure,  the 
potential  difference  being  V  in  both  cases,  the  empirical  equation 
|76  __ 

lO- 


■/  V  .      761' 


Current  in  micro-amph-es. 


i 


-4000 

-6000 

Preasure 

76 

1-4 

4-2 

8-0 

13-4 

70 

1-6 

4-6 

8-6 

145 

60 

2-0 

6-7 

10-5 

nfl 

50 

B-6 

7-8 

13-7 

22-fi 

40 

3-7 

11 -3 

SO-4 

337 

30 

6-8 

19-5 

3&-3 

58-0 

80 

14'6 

44-7 

80-9 

134-3 

+  4000 

+  6000 

4J00D0 

PiMiuwmom.ofHg. 

76 

0-7 

21 

4-8 

9-3 

70 

0-8 

2-3 

5-1 

101 

80 

1-0 

2-8 

6-3 

12-3 

GO 

1-3 

3-8 

8-2 

16-0 

40 

1-9 

B-6 

12-3 

23-5 

30 

3-3 

9-7 

21-1 

40'4 

20 

7  3 

22-4 

48-0 

93-0 

242.  The  relation  -/i  =  aV  +  b  is,  as  the  following  investig&tioD 
shows,  the  one  indicated  by  theory  when  the  current  is  earned 
entirely  by  ions  of  one  sign. 

Relation  between  the  current  from  a  point  and  the  potential  differ- 
emx  between  the  point  and  the  plane  to  which  it  discharges. 

In  order  to  simplify  the  mathematical  analysis  we  shall  take  a 
case  which,  while  presenting  the  same  physical  features  as  the 
point  discharge  from  a  needle,  is  yet  &om  its  symmetiy  mi»e 
amenable  to  calculation,  the  case  is  that  of  the  discharge  from  a 
very  fine  wire  discharging  to  a  coaxial  cylinder.    Almy*  has  made 

*  Umj,  American  Jeamal  0/  Seimee  [4),  xiL  p.  17S,  1909. 
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i  series  of  experiments  on  this  kind  of  discharge.  Let  us  take  a 
point  on  the  wire  as  the  origin  for  polar  coordinates  and  let  r  be 
the  distance  of  a  point  in  the  gas  from  the  wire,  R  the  electric 
force  at  this  point  and  p  the  density  of  the  electrification,  then  we 

I  s*"'-*  ■*"'"■ <"■ 

When  we  get  beyond  the  region  of  the  spark  the  discharge  will  be 
carried  by  ions  of  one  sign,  hence  if  ( is  the  current  per  unit  length 
of  the  wire,  u  the  velocity  of  the  ions,  we  have 

t  =  27rrup ; 

bul  u  =  kR.  where  k  is  the  velocity  of  the  ion  under  unit  force, 
i.bence  we  have  from  equation  (1) 


integrating  this  equation,  wc  get 


..(2), 


where  C  is  a  constant.  To  determine  C,  let  a  be  the  smallest 
Fimlue  of  r,  for  which  the  ions  are  all  of  one  sign  (o  will  exceed 
(4ifae  radius  of  the  wire  by  a  quantity  of  the  order  of  the  minimum 
spark  length) ;  when  r  =  a,  R  will  be  comparable  with  the  electric 
force  required  to  produce  a  spark ;  thus  R  will  at  atmospheric 
pressure  be  greater  than  10'  in  electrostatic  units:  in  these  units 
h  for  air  at  this  pressure  is  450,  hence  unless  i  were  comparable 
with  the  value  2  x  10"  in  electrostatic  measure,  i.e.  with  J  x  10~' 
amperes,  which  is  much  larger  than  the  currents  used  by 
Bbservers  of  the  spark  discharge,  (%jk')a?  will  be  small  compared 
1  {Raf,  i>.  C  will  be  approximately  independent  of  the  current, 


At  the  surftice  of  the  cylinder,  on  the  other  hand,  in  general.  2w'/A 
ill  be  large  compared  with  C,  for  suppose  the  radius  of  the  cylin- 
r  were  10*  times  that  of  the  wire,  then  a  current  of  a  few  micro- 
miomba  per  second  (which  is  of  the  order  of  the  currents  used 
y  Tamro  in  bis  experiments)  would  make  2ii-*/^  at  the  surface  of 
Under  very  large  compared  with  {Ray  and  thftTcfotfe  ■w'\'Oa  C 
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If  V"  is  the  potential  at  the  distance  r  from  the  wire, ' 
from  (2) 

integrating  tliis  equation  we  find,  if  V  is  the  potential  diiTerenM 
between  the  cylinder  and  the  point  near  the  wire  where  the  cuiront 
begins  to  be  earned  by  ions  of  one  sign,  and  i  is  the  radius  of  the 
cylinder, 


r-  tS'  +  c 


)      {2i 


'if+cV-a 


HVClo 


lCl\Ci 


-is/OIog 


where  i  is  so  large  that  2i6'/i  is  large  compared  with  C\  this 
I>ecoinea  approximately. 


the  second  term  on  the  right-hand  side  varies  very  slowly  with  i, 
treating  it  as  a  constant  and  writing  a  for  this  term,  we  get 


|f-(r-<.)-  , 


■.(1); 


if  V  is  the  potential  difference  between  the  wire  and  the  cylinder 
we  have  seen  that  V=V'+  V^,  where  F,  is  the  least  potential  that 
can  produce  a  spark  (for  air  it  is  about  351  volts),  thus  we  have 
from{l) 

-^(^-n-a)-  (2), 

80  that  for  large  values  of  V,  t  varies  as  V*;  thus  the  current 
varies  as  the  square  of  the  potential  difference.  Almy*  found 
that  the  current  was  proportional  to  K(P'— /3),  thus  for  values  of 
V  large  compared  with  ^  it  is  proportional  to  V* ;  according  to 

*  Aim;,  AnaieoH  Journal  o/  SeitTUi  [1],  sii.  p.  17S,  UOS. 
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Almy's  experiraeDta  the  current  is  more  nearly  proportional  to  the 
inverse  cube  of  the  radius  of  the  cylinder  than  to  the  inverse 
square  au  indicated  by  equation  (2) ;  it  is  to  be  noted  that  any 
want  of  symmetry  in  the  apparatus  which  would  make  the  discharge 
tend  to  concentrate  on  a  particular  radius  would  make  the  current 
vary  more  rapidly  with  the  radius  than  if  the  discharge  were 
quite  symmetrical.  We  see  from  equation  (2)  that  the  current 
varies  as  k,  the  velocity  of  the  ion  under  unit  force,  thus  since  the 
negative  ion  moves  faster  than  the  positive,  the  discharge  under 
given  potential  should  be  greater  when  the  point  is  negative  than 
when  it  ie  positive;  from  Tamm's  observations  the  ratio  of  the 
negative  current  to  the  positive  in  air  at  atmospheric  pressure  is 
equal  to  144,  this  is  not  far  from  the  ratio  of  the  velocities  of  the 
negative  and  positive  ions  for  dry  air. 

Again,  since  t  is  proportional  to  k;  and  k  is  inversely  propor- 
tional to  the  pressure,  the  current  should  vary  inversely  as  the 
pressure  when  the  potential  ditference  is  large ;  a  reference  to  the 
table  on  laga  502  will  show  that  although  this  is  approximately 
true  at  high  pressures  it  ceases  to  be  an  approximation  to  the  truth 
when  the  pressure  is  low,  when  the  current  varies  more  nearly  as 
the  inverse  square  of  the  pressure.  At  low  pressures  and  with 
large  currents  the  discharge  is  accompanied  by  luminosity  right 
up  to  the  plate;  an  example  of  this  is  shown  in  Fig,  138,  taken 
hftn  a  paper  by  v.  Obermayer* :  the  appefl,rance  presented  by  the 
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discharge  suggests  that  ionisation  ia  taking  place  at  the  plate  as 
well  as  at  the  point,  in  which  case  ions  of  hoth  signs  would  be 
present  between  the  plate  and  the  point,  and  our  inveetigatiiiii 
which  is  founded  on  the  supposition  that  the  current  is  carried 
entirely  by  ions  of  one  sign  would  not  apply.  Even  at  atmospheric 
pressure  there  is  evidence  in  some  cases  of  the  presence  of  ions 
of  opposite  sign  to  that  of  the  electrification  of  the  dischaipog 
point:  thus  C.  T.  R.  Wilson*  notices  a  case  in  which  when  a 
positive  point  vas  discharging  into  his  expansion  apparatus  (see 
p.  166)  an  expansion  which  was  sufBcient  to  bring  down  negatire 
but  not  positive  ions  produced  a  cloud,  showing  that  negative  iom 
were  present;  a  similar  effect  has  also  been  observed  by  N.  R. 
Campbell  t- 

We  shall  sep  that  from  a  spark  rays  are  given  out  (Entladunf-  J 
strahlen)  which  can  ionise  a  gas ;  some  rays  are  thus  given  oofi  j 
from  the  small  spaik  at  the  end  of  the  discharging  point,  and  J 
these  rays  may  in  certain  cases  help  to  produce  appreciable  ionisftf  I 
tion  at  a  considerable  distance  fi'om  the  point.  The  discharge 
from  a  point  seems  to  possess  very  considerable  actinic  power|. 

243.  Warburg§  has  shown  that  the  presence  of  minute  traces 
of  oxygen  in  gases  such  as  hydrogen  or  nitrogen  produces  a  great 
dimintition  in  the  current  from  a  negative  point  while  it  has  but 
little  effect  on  that  from  a  positive  one;  thus  the  removal  of  a  tiace 
of  oxygen  from  nitrogen  increased  the  current  from  a  negative  point 
in  that  gas  fifty  times;  this  may  be  taken  as  indicating  that 
oxygen  has  a  great  tendency  to  collect  round  the  carriers  of  the 
negative  charge  and  either  make  them  less  efficient  as  ionisers  or 
else  make  them  move  more  slowly  in  the  electric  field.  It  is 
probable  too  that  the  oxygen  increases  the  difficulty  of  getting  the 
corpuscles  from  the  point  into  the  gas  as  Warburg  has  shown  that 
the  presence  of  oxygen  produces  a  large  increase  in  the  cathode 
fall  of  potential  in  vacuum  tubes. 

244.  Warburgll  has  investigated  the  proportion  of  current 
received  at  different  portions  of  the  plane  opposite  the  electrified 

•  C.  T.  R.  WilBon,  Phil.  Trant.  A,  vol.  Mtcii.  p.  408,  1899. 

t  CampbeU,  Fkil.  Stag.  [6],  vi.  p.  618,  1909. 

;  Cook,  Phil.  Mag.  {G].  Klvii.  p.  40, 1899.    Ledua,  ielair.  iuctr.  ui.  p.  144,  ISN. 

g  WBTbnrg,  Ann.  der  Phy,.  ii.  p.  296,  1900. 

n  Wftrbarg,  Witd.  Ami.  Irrii.  p.  S9,  1899. 
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;  he  finds  that  the  amount  received  per  unit  area  at  a  point 
1  the  plane  is  proportional  to  coa™  0,  where  0  is  the  angle  QPO, 
)eing  the  electrified  point  and  0  the  normal  from  P  on  the 
le,  the  electrified  conductor  is  supposed  to  be  nt  right  angles 
?  plane ;  he  finds  that  m  for  a  negatively  electrified  point  is 
I  to  4'65.  for  a  positively  electrified  point  4'82,  and  that  it  is 
lependent  of  the  sharpness  of  the  point. 


T/te  Electrical   Wind. 

[  246.  The  current  of  electrified  ions  which  constitutes  the  dis- 
rge  from  the  point  sets  the  air  in  the  neighbourhood  in  motion. 
'hen  the  ions  have  settled  down  into  the  state  in  which  their 
Uocity  is  proportional  to  the  electric  force  acting  upon  them 
the  mechanical  force  acting  upon  them  is  transferred  to  the  air 
through  which  they  are  moving,  this  gives  rise  to  currents  of  air 
directed  from  the  point,  and  these  air  currents  are  what  is  known 
as  the  electrical  wind.  This  motion  of  the  air  forwards  is  accom- 
panied by  a  reaction  on  the  point,  tending  to  drive  it  backwards. 
i  reaction  has  been  measured  by  Arrheniiis",  who  finds  that 
n  positive  electricity  is  escaping  from  a  point  into  air  the 
ction  tending  to  drive  the  point  backwards  is,  when  the  current 
:ept  constant,  proportional  to  the  pressure  of  the  gas,  and  for 
BKUt  gases  (air.  hydrogen,  and  carbonic  acid)  at  the  same 
varies  as  the  square  root  of  the  molecular  weight  of  the 
j.  The  reaction  when  an  equal  current  of  negative  electricity  is 
iping  from  the  jwint  is  much  less,  the  proportion  between  the 
I  depending  on  the  pressure  of  the  gas;  thus  in  air  at  a 
BBure  of  70  cm.  the  reaction  on  the  positive  point  was  19  times 
F  the  negative,  at  40  cm.  2*6  times,  at  20  cm.  32  times,  at 
m.  7  times,  and  at  5*1  cm.  15  times  the  reaction  of  the 
ative  point.  The  reaction  on  the  discharging  point  is  due  to 
repulsion  between  the  electrified  point  and  the  ions  carrying 
discharge;  we  can  easily  calculate  this  force.  Suppose  that 
nt^le  from  which  the  electricity  is  cUscharged  points  in  the 
ction  of  the  axis  of  2 ;  let  ^  be  the  density  of  the  ions  at  any 
i  of  the  field,  Z  the  electric  force  at  the  same  point,  then  F, 
force  parallel  to  g  acting  on  the  ions,  is  equal  to 
JffZpdwdi/dz ; 


'  AirbpniuR.  Wieii,  j 


liii.  p.  305,  IB'JT. 
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but  if  w  is  the  velocity  of  the  ion  parallel  to  2.k  =  kZ,  where  k  is 
the  velocity  of  the  ion  under  unit  electric  force ;  substituting  this 
value  for  Z  w(?  gut 

but  if  i  is  the  current 

i  =  ijvipdxdy, 
hence  if  k  is  constant  throaghost  the  field 


^'ih- 


-i.n 


The  reaction  on  the  point  is  equal  to  F,  hence  for  a  constan 
current  F  varies  inversely  as  k ;  this  concluMon  agrees  when  the 
point  is  positively  electrified  with  the  results  of  ArrhenJus's  experi- 
ments. For  let  us  first  consider  the  eft'ects  of  pressure,  k  varies 
inversely  as  the  pressure ;  hence  F  should  be  directly  proportioual 
to  the  pressure,  this  is  in  agreement  with  Arrhenius's  result; 
next  consider  the  reaction  of  different  gases ;  if  we  refer  to  de 
values  given  on  page  80,  we  see  that  the  velocities  of  the  ions 
under  unit  electric  force  are  roughly  inversely  proportional  to  the 
square  rootsof  the  densities  of  the  gases,  hence  ^should  be  approxi- 
mately directly  proportional  to  the  square  roots  of  these  densities. 
Since  the  velocity  of  the  negative  ion  is  greater  than  that  of  the 
positive  the  reaction  on  the  negative  point  should  be  less  than 
that  on  the  positive ;  the  ratio  of  the  reaction  on  the  positive 
point  to  that  on  the  negative  is  however  much  greater  than  the 
ratio  of  the  velocity  of  the  negative  ion  to  that  of  the  positive. 
We  have  seen  however  reasons  for  believing  that  a  rapid  con- 
densation of  the  gas  takes  place  around  the  newly-formed  negative 
ions  after  they  are  produced  at  the  point,  so  that  the  velocity  of 
the  negative  ion  will  be  greater  at  first  than  after  it  has  been  for 
some  time  in  the  gas ;  it  is  only  however  for  these  aged  ions  that 
we  know  the  velocity ;  while  in  the  ease  of  the  point  discharge  a 
large  part  of  the  reaction  will  be  due  to  the  more  rapidly  moving 
fi-eshly-formed  ions  in  the  immediate  neighbourhood  of  the  point, 
BO  that  the  value  of  F  will  be  less  than  that  determined  by  equa- 
tion (1)  when  we  substitute  for  k  the  observed  velocity  of  the 
negative  ion. 
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a  point  wliose  electrijicaiw 
changing  sign. 


'  rapidli/ 


If  a  point  13  charged  up  to  a  high  and  rapidly  alternating 
potential,  9uch  as  can  be  produced  by  the  electrical  oscillations 
started  when  a  Leyden  jar  is  discharged,  thon  in  hydrogen, 
nitrogen,  ammonia,  and  carbonic  acid  gas,  a  conductor  placed  near 
the  point  gets  a  negative,  while  in  air  and  oxygen  it  gets  a 
positive  charge*.  Himstedtf  has  shown  that  the  diBtribution  of 
electrification  in  these  gases  differs  only  in  degree ;  he  finds  that  in 
air  and  oxygen,  although  the  electrification  is  positive  near  the 
■point,  yet  it  changes  sign  as  we  recede  from  it  and  ultimately 
liecomes  negative ;  while  in  hydrogen  and  the  other  gases 
imentioned  above  we  get  positive  electrification  if  we  go  close 
ip  to  the  point:  the  difference  between  the  gases  is  that  in 
ir  the  place  where  the  electrification  changes  sign  is  some 
^ifatMice  from  the  point,  while  in  hydrogen  it  is  close  up  to  it. 
'This  outer  zone  of  negative  electrification  is  what  we  should 
expect  from  the  greater  velocity  of  the  negative  ions,  for  under  an 
iflltemating  electric  field  the  amplitude  of  the  path  of  the  faster 
would  be  greater  than  that  of  the  slower,  and  thus  at  a 
'lliatance  from  the  point  greater  than  the  amplitude  of  the  slower 
there  would  be  nothing  but  negative  electricity.  The  de- 
^termination  of  the  distance  at  which  the  electrification  changes 
sign  would  be  a  very  complicated  investigation,  as  it  would  involve 
in  addition  to  the  relative  velocities  of  the  positive  and  negative 
ions  the  difference  in  the  values  of  the  current  proceeding  fi^m 
point  according  as  it  is  positively  or  negatively  electrified,  as 
ill  as  the  difference  in  the  mtnimum  potential  at  which  the 
^ba^ge  begins. 

247.     The  condition  of  a  point  from  which  electricity  is  dia- 

targing  seems  to  suffer  somti  modification  as  the  discharge  goes 

I,  and  this  gives  rise  to  variations  in  the  current :  PrechtJ  found 

Miial  «  point  from  which  positive  electricity  had  been  discharged 

mietimes  got  hollowed  out  into  a  kind  of  crater,  as  if  some  of  the 

■  Huvey  aod  Hitd.  Phil.  3tag.  [R].  uxvi.  p.  4S,  1893.     Himeteill,  FTiV'l.  Ann. 
i  p.  479.  Ittft.    J.  J.  TbomBOQ,  Phil.  Hag.  [G],  xl.  p.  511,  1S95. 
t  HiniKUill.  Winl.  Ann.  l»»iii.  p.  2I)J.  1389. 
;  Pncht.  WUd.  Ann.  ilii.  |i,  SO.  1S03. 
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metHi  had  been  torn  away;  he  foiind  that  a  negativelj^  electrified 
point  did  not  suffer  any  change  of  shape. 


Theory  of  the  discharge  from  fine  points. 

248.     We  may  suppose  that  the  escape  of  electricity  from  ij 
sharp  point  oucura  in  the  following  way.     When  the  electric  fiwi 
at  the  point  reaches  a  certain  intensity  a  short  spark  passes  &oAl 
the  point  to  the  air  a  little  distance  away,  along  the  path  of  tlu  I 
spark  ions  are  produced,  positive  as  well  as  negative  ;  if  the  pomt  I 
is  positively  electrified  the  positive  ions  are  driven  out  from  thi>  1 
region  into  the  surrounding  gas  and  under  the  inflnence  of  the 
electric  field  find  their  way  to  the  metal  plate  to  which  the  point 
is   discharging;   if  the  point   is   negatively  electrified  it  is  the 
negative  ions  which  are  driven  to  the  plate,  and  which  carry  the 
electricity  which  is  discharging  from  the  point. 

Let  us  apply  these  considerations  to  fxplain  some  of  the 
features  of  the  discharge.  We  shall  first  con.sider  the  strength  of 
the  field  required  to  produce  the  small  spark  from  the  point. 

The  relation  between  the  potential  difference  required  to  pro- 
duce a  spark  and  the  spark  length  is  (see  page  497)  represented 
by  a  curve  similar  to  n.  Fig.  139,  where  the  ordinates  represent  the 


Pig.  139. 

spark  potential  and  the  abscissEe  the  spark  length.     Let  ub  sup- 
pose that  the  point  is  equivalent  in  its  electrical  effect  to  a  email 
there  of  radius  a;  thus  if  F  is  the  potential  of  the  sphere  the 


247-249]  SPARK   DISCHARGE.  511 

potential  difiference  between  the  sphere  and  a  point  at  a  distance  x 

Si 

from   its   surface   is    V ;   let  the   equation  to  the  curve  /S 

a  -ha?  ^ 

{Fig.   139)  be   y  =  F  — — ,  then  if  the  curve  ^  intersects   the 

CL  "T"  **? 

curve  a  a  spark  will  pass  from  the  point,  if  the  curves  do  not 
intersect  no  spark  will  pass,  the  smallest  value  of  V  which  will 
produce  a  spark  is  when  the  corresponding  curve  y8  just  touches 
the  curve  a.  Now  when  a  is  very  small  dyjdx  for  ^  is  very  small 
compared  with  yjx,  but  for  the  curve  a  it  is  only  in  the  neighbour- 
hood of  the  minimum  spark  potential  that  this  is  the  case,  hence 
we  conclude  that  when  ^  touches  a  it  does  so  close  to  A,  the  point 
corresponding  to  the  critical  spark  lengths  x^  and  to  Fq  the 
minimum  potential  difference  required  to  produce  a  spark,  hence 
we  have  approximately 


r-(i^3r.. 


Fo  here  is  the  value  of  the  minimum  potential  required  to  produce 
a  spark ;  we  see  that  F  diminishes  as  a  diminishes,  i,e,  the  sharper 
the  point  the  smaller  the  discharge  potential ;  it  also  diminishes  as 
the  critical  spark  length  increases,  and  as  the  critical  spark  length 
is  greater  at  low  pressures  than  at  high  the  minimum  potential 
will  diminish  as  the  pressure  diminishes.  In  consequence  of  the 
conductivity  of  the  gas  round  the  point,  the  radius  of  the  sphere 
taken  as  equivalent  in  its  electrical  action  to  the  point  may  be 
considerably  larger  than  the  actual  radius  of  the  point,  and  the 
proportions  between  these  quantities  may  depend  upon  the 
pressure  of  the  gas. 

Difference  between  the  minimum  potential  for  positive 

and  negative  points. 

249.  The  minimum  potential  required  for  the  discharge  of 
positive  electricity  from  a  point  is  greater  than  that  for  negative : 
this  is,  I  think,  consistent  with  the  preceding  view,  for  the 
minimum  potential  difference  Fq  is  determined  by  the  condition  that 
the  electric  field  near  the  electrode  should  be  strong  enough  to  enable 
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the  positive  ions  to  produce  an  adequate  stream  of  corpuscle*. 
Now  when  the  point  is  the  cathode  the  positive  ions  have  two 
opportuoities  <■■{  pnxlucing  corpuscles,  (I)  by  impact  with  the 
electrode,  (2)  by  impact  with  the  molecules  of  the  gas ;  while  when 
the  point  is  the  anode  only  the  second  of  these  is  available ;  this 
would  have  the  etfect  of  making  V,  for  the  positive  point  greater 
than  for  the  negative  and  thiis  making  the  minimum  potential 
rec|uired  for  point  diBOharge  greater. 

The  condition  we  have  just  inveetigated  ool^  eamma  thst  dec- 
tricity  should  be  able  to  eaoup9  from  the  pon^  it  does  nothing  fa> 
ensure  that  the  discharge  tdionld  be  InmiBOQS.  Hie  e^wrimeBta 
which  have  been  made  on  the  dbeharge  relate  whoUy  to  CMea  in 
which  a  glow  appears  at  the  pdnt;  we  have  already  seen  (p.  478) 
that  when  luminosity  sets  in  thwe  ii  a  great  incnase  in  Uie 
ionisation  and  in  the  current,  b«M3e  the  ooireDt  in  the  datit  at^es 
of  the  discharge  may  well  have  emeaipoi  deteetioD.  We  AaU  now 
proceed  to  investigate  the  txtnditioo  tiiat  lominoaity  may  ^ipMr 
at  the  point.  We  gave  reasons  for  thinking  that  the  vppeaaaoB  of 
luminosity  was  due  to  the  molecules  of  the  gas  acquiring  a  finite 
amount  of  eneigy ;  now  the  energy  acquired  by  the  molecule  will 
be  proportional  to  the  rate  at  which  energy  is  communicated  to 
the  gas :  consider  the  gas  enclosed  between  the  point  and  the 
space  separated  from  it  by  a  distance  equal  to  the  critical  spark 
length,  the  difference  of  potential  between  the  point  and  the  outer 
boundary  is  Kg  the  minimum  spark  potential :  if  i  is  the  current 
through  the  gas  the  work  done  per  second  in  this  region  is  V^; 
if  d  is  the  critical  spark  length,  a  the  radius  of  the  point,  the 
volume  of  this  region  is,  if  d  is  small  compared  with  a,  equal  to 
4fjra^  and  if  n  is  the  number  of  molecules  in  unit  volume  of  gas 
the  number  of  molecules  in  the  region  is  i7ra*dn,  hence  the  work 
done  in  this  region  per  molecule  per  second  is  Vfij4ma*dn ;  we  have 
seen  reasons  for  supposing  that  the  condition  for  luminosity  is  that 
this  should  reach  a  definite  value ;  since  d  is  proportional  to  X  the 
mean  free  path,  and  \  is  proportional  to  1/n,  dn  will  be  independent 
of  the  pressure,  hence  the  condition  for  luminosity  is  that  F,t  =  ca*, 
where  c  is  constant  as  long  as  the  gas  remains  the  same. 
We  have  seen  however  that 


ii  =  (^y(?(r-F'), 


here  C  is  &  cooetant,  k,  the  velocity  of  the  iod  under  unit  electtic 
at  unit  pressure,  Fthe  potential  of  the  point,  V  a  constant, 
the  condition  V,i  =  ca'  ia  equivalent  to 


■■(I). 


V.=  V'+^P^iV,-V'). 


Mftett 

^BIcDce  if  Vj  is  the  potential  of  the  point  when  luminosity 
^^piB  at  a  pressure  p^ ,  Vg  the  potential  for  the  pressure  pB, 

niia  is  the  relation  between  the  potential  and  the  pressure  which 
Ewers  has  verified  over  a  wide  range  of  pressures. 

Since  the  velocity  of  the  negative  ion  is  greater  than  that  of 
)f  the  positive,  the  second  term  in  equation  (1)  will,  other  things 
>eing  the  same,  be  less  when  the  point  is  negatively  chai^d  than 
when  it  is  positively  charged ;  this  is  one  reason  why  the  potential 
■equired  to  produce  luminous  discharge  from  a  positive  point  is 
greater  than  that  required  for  a  negative  one. 

260.  The  appearance  of  the;  discharge  between  a  point  and  a, 
slate  undergoes  very  interesting  changes  as  the  potential  difference 
between  the  point  and  the  plate  is  gradually  increased.  Take  for 
ixatnple  the  case  of  a  negatively  electrified  point  in  front  of  a 
jlone,  when  first  the  discharge  sets  in  the  ionisation  and  luminosity 
ire  confined  to  the  region  close  to  the  point,  the  electric  field  is 
^ery  weak  except  in  this  neighbourhood,  and  in  this  case  the 
surrent  is  carried  entirely  by  negative  ions.  These  negative  iona 
jToduco  a  distribution  of  free  negative  electricity  between  the 
joint  and  the  plate ;  this  electrification  altera  the  distribution  of 
ihe  electric  field,  tending  to  make  the  electric  force  increase  in  the 
leighbourhood  of  the  plate ;  the  field  near  the  plate  will  get  more 
ind  more  intense  bs  the  current  and  the  density  of  the  free 
dectricity  increase,  until  it  gets  bo  large  that  it  produces  iouisa- 
aoD  and  luminosity  at  the  plate,  and  a  glow  appears  at  the  anode. 
Che  current  will  no  longer  be  carried  entirely  by  negative  ions  for 
Msitive  ions  produced  at  the  anode  will  travel  back  to  the  cathode ; 
1 1  rnlation  between  the  current  and  the  potential  difference  will 
hanged  by  the  participation  of  ions  of  both  signs  in  the 
liNcharge.     The  imsitive  electricity  streaming  back  fi'om  the  anode 
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will  affect  the  distribution  of  the  electric  force,  tcndiDg  to  make  it 
increase  towards  the  cathode ;  the  force  near  the  cathode  increases 
until  it  gets  large  enough  for  corpuscles  to  produce  ions  by 
collision  in  the  neighbourhood  of  the  cathode;  as  these  ions 
produce  other  ions  the  current  and  the  luminosity  arouDd  the 
cathode  increase  rapidly,  and  we  get  a  new  stage  in  the  discharge- 
Thifl  stage  is  exceedingly  well-marked  at  low  pressures  and  occntB 
with  great  abruptness;  the  current  rapidly  increases  and  at  low 
pressures  may  beairne  so  large  that  the  cathode  gets  red  hot  by  the 
impact  on  it  of  the  positive  ions;  the  supply  of  corpuscles  at 
the  cathode  is  increased  since  the  incandescent  metal  gives  out 
corpuscles  on  its  own  account,  thus  since  an  increase  in  the  current 
will  increase  the  corpuscles  given  out  in  this  way,  and  the  increase 


J>ittiATive  DiiQHnm.ae 


«1 


VRBENT 

Fig.  ua 


250-251] 


SPARK   DISCHARGE. 


515 


in  these  corpuscles  will  lead  to  an  increase  in  the  current,  the 
conditions  will  become  unstable,  the  current  will  rapidly  increase 
and  an  arc  discharge  will  pass,  the  potential  difference  falling  to  a 
very  small  value,  the  supply  of  corpuscles  now  being  produced  from 
the  incandescent  cathode  and  not  by  ioiiisation  by  collision  in  the 
electric  field.  The  general  character  of  the  change  in  the  relation 
between  the  potential  difference  and  the  current  as  the  character 
of  the  discharge  changes  is  indicated  in  Fig.  140,  taken  from 
a  paper  by  Topler*. 

261.  Analogous  changes  in  the  discharge  take  place  if  we 
replace  the  point  by  a  thin  incandescent  platinum  wire  coated 
with  lime,  and  in  this  case  the  distribution  of  the  electric  force  is 
much  more  easily  studied  than  with  the  point  as  the  changes  take 
place  with  much  smaller  potential  differences.  I  have  been  able 
in  this  way  to  study  the  gradual  transition  of  the  discharge  from 
the  first  appearance  of  the  anode  glow  to  the  development  of  the 
luminosity  round  the  cathode.  It  is  possible  to  get  in  this  way  an 
intermediate  stage  in  which  the  discharge  presents  the  appearance 
shown  in  Fig.  141.   Here  there  is  a  crescent-shaped  luminous  patch 
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Fig.  141. 


between  the  anode  and  the  cathode;  the  measurement  of  the 
electric  force  between  the  electrodes  showed  that  the  free  electricity 
has  produced  the  distribution  represented  by  the  lower  curve  in 

•  T5pler,  Ann,  der  Phys.  vii.  p.  477,  1902. 
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Fig.  141,  the  electric  force  having  a  maximum  value  at  tlifr 
luminous  creacent ;  thus  in  this  region  the  electric  force  due  ta 
the  &ee  electricity  has  risen  to  the  value  at  which  luminosity  and 
ionisation  set  in,  prodttcing  the  isolated  luminous  meniscus;  as 
the  current  is  increaBed  this  meniscus  approaches  the  cathode; 
when  it  arrives  at  a  short  distance  from  it,  the  change  t*  the 
form  in  which  there  is  a  great  development  of  negative  glow  sets 
in,  and  there  is  a  great  change  in  the  appearance  of  the  discharge 
and  in  the  distribution  of  tite  eleetrie  fi^ 

The  ionisation  in  the  patdi  in  Fig.  141  nuttaa  Mm  poftino  of 
the  gas  act  as  an  anode  and  the  fireo  deetrioify  doe  to  the  ima 
coming  from  it  may  cftQW  tiie  electric  field  hetween  it  and  the 
cathode  to  rise  again  to  a  value  when  ionia»tiop  seta  in.  pradaong 
a  second  isolated  laminona  menismu.  In  this  way  we  may  grt 
a  succession  of  striationa  oannng  Uie  dtsdiaige  to  raaamUe  thit 
shown  in  Fig.  138. 

Earhart's  experiments  (p.  465)  seem  to  indicate  that  wbea 
the  electric  force  reaches  a  certain  veiy  hi^  value  the  ions  ban 
come  &om  the  metal ;  it  would  he  interesting  to  further  test  this 
view  by  seeing  if  a  moderate  potential  was  able  to  produce  a 
discharge  from  an  exceedingly  fine  point  in  a  good  vacuum. 

Pressure  in  the  Spark. 

262.  The  ions  in  the  electric  field  acquire  kinetic  energy  and 
as  the  pressure  in  a  gas  is  proportional  to  the  kinetic  eneigy 
per  unit  volume  the  pressure  along  the  path  of  the  q>ark  will  be 
increased.  This  increase  in  pressure  may  be  very  lai^;  for  it  is 
easy  to  show  that  the  kinetic  energy  given  to  the  iona,  when  a 
quantity  of  electricity  equal  to  Q  passes  through  the  spark,  is  equal 
to  VQ,  where  V  is  the  spark  potential.  To  take  an  example,  let 
US  suppose  that  we  have  a  spark  one  cm.  long  through  air  at  atmo- 
spheric pressure,  and  that  we  discharge  by  this  spark  the  charge 
in  a  condenser  of  1000  cm.  capacity  charged  to  the  potential 
difference  required  to  produce  the  spark ;  this  potential  difference 
is  about  30000  volts,  is.  100  in  electrostatic  units,  hence  in  thia 
case  V  =  10*  and  Q  =  10*  x  10*,  thus  the  energy  given  to  the  gas 
is  10'  ei^.  Now  if  this  enei^  were  distributed  throuf^out  1  c-c, 
of  gas  it  would  increase  the  pressure  by  6*6  atmospheres,  it  is 
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however  confined  to  the  very  much  smaller  volume  traversed  by 
the  spark,  the  pressure  in  this  region  being  proportionately 
greater:  to  take  yjj  of  a  c.c.  aa  the  volume  of  gas  traversed  by 
^e  spark  would  probably  be  a  very  large  over-estimate,  and  yet 
ftven  if  the  volume  were  no  less  than  this  the  initial  pressure 
klong  the  path  of  the  spark  would  be  660  atmospheres.  This 
bigh  pressure  would  spread  as  a  pulse  from  the  region  of  the 
vp&rV  gap.  the  pressure  in  the  pulse,  when  this  had  got  eo  far 
'from  the  spark  gap  that  it  might  be  regarded  as  spherical, 
Tftrying  inversely  as  the  square  of  the  distance  from  the  spark 
gap- 

A  well-known  instance  of  the  effects  produced  by  this  pressure 
t  what  is  called  the  'electrical  bomb,'  where  a  loosely -fitting  plug 
I  a  closed  vessel  is  blown  out  when  a  spark  passes  through  the 
Wssel.  The  effect  can  easily  be  observed  if  a  pressure-gauge,  in 
irhich  the  pressure  is  indicated  by  the  motion  of  a  small  quantity 
L  light  liquid,  is  attached  to  an  ordinary  discharge -tube,  the 
bressure  in  the  gas  being  most  conveniently  from  2  to  10  mm. 
F  mercury.  At  the  passage  of  each  spark  there  is  a  quick  move- 
tent  of  the  liquid  in  the  gauge  as  if  it  had  been  struck  by  a  blow 
MHning  from  the  tube ;  immediately  after  the  passage  of  the  spark 
be  liquid  in  the  gauge  springs  back  within  a  short  distance  of  its 
Oeition  of  equilibrium  and  then  slowly  creeps  back  the  rest  of  the 
•y.  This  latter  effect  is  probably  due  to  the  slow  escape  of  the 
eat  produced  by  the  passage  of  the  spark ;  the  gauge  behaves 
jaat  as  it  would  if  a  wave  of  high  pressure  rushed  through  the 
■gai»  when  the  spark  passed.  The  increased  pressure  due  to  the 
discharge  has  been  described  by  Meissner*  and  by  De  la  Rue 
and  Mullerf. 

The  existence  of  a  pulse  spreading  from  the  spai'k  has  been 
tautifuUy  demonstrated  by  TSplerJ  who  studied  by  the  method 
f  instantaneous  illumination  the  region  round  the  spark  imme- 
Ifttely  after  it  hiid  passed.  As  the  density  of  the  air  in  the  pulse 
I  from  that  of  the  surrounding  gas,  the  pulse  is  optically 
ifferent  from  the  rest  of  the  field  and  so  can  be  made  visible. 
ig.  142  a,  taken  fi-om  Topler's  paper,  represents  the  appearance 

<Hlier,  Abhand.  der  ktimg.  GtielUchaft  GBttinjfw,  ivi.  p.  98,  1871. 
t  Oe  U  Rue  ftnd  Mftller.  PhiL  Traiu.  1880,  p.  88. 
;  Tflplcr,  I-egff.  Ann.  omi.  i>]i.  3)1.  180,  18C?  ;  oxxiiv.  p.  lUl,  18IS8. 
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of  the  Held  looking  so  ns  lo  see  the  whole  length  of  ihe  n 
Fig.  142  6  the  appearance  when  the  spark  is  looked  at  i^nd-txn. 


Fig.  H2. 

Topler  noticed  that  the  initial  disturbance  close  to  the 
gap  showed  periodic  expansions  and  contractions,  as  if  the  regii 
of  greatest  disturbance  were  distributed  at  equal  intervals  al< 
the  length  of  the  spark.     There  was  an  exceptionally  large  p 

tuberance  in  the  neighbourhood  of  the  cathode. 

In  an  experiment  due  to  Hertz,  which  also  illustrates 
the  explosive  effects  due  to  the  spark,  the  explosion  seemed  to 
more  vigorous  at  the  anode  than  at  the  cathode"  ;  in  this  i?xj> 
ment  the  anode  was  placed  at  the  bottom  of  a  glass  tube  h 
a  narrow  mouth,  while  the  tnthode  was  placed  outside  th«  M 
and  close  to  the  open  end.  The  tube  and  the  electrode«  were 
a  bell-jar  filled  with  dry  air  at  a  pressure  of  -lO — 50  win. 
mercury.  When  the  discharge  from  a  Leyden  jar  charged 
an  induction  coil  passed  through  the  tube,  the  glow  accompanyj 
the  discharge  wiis  blown  out  of  the  tube  ami  exti'mJed  sevei 
centimetres  from  the  open  end  ;  the  effuct  was  not  so  marked  wh 
the  electrodes  were  reversed. 

Haschek  and  Machcf ,  by  moasuriog  the  pressure  at  iKv  sii 
of  a  vessel  through  which  sparks  Iroin  a  high  tension 
were  passing,  have  calculated  the  pressure  in  the  spark  ;  with  bi 
electrodes  and  sparks  3  mm.  long  they  estimated  the  pressuri) 
the  spark  in  air  at  a  pressure  of  704  mm.  of  mercurv  as  51*7 

•  HartK.  Witd.  Ann.  lii.  p.  87,  1893, 

i  Hasohck  and  Moehe,  H'led.  Ann.  Ixrili.  p.  710.  1S90. 
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spheres,  in  carbonic  acid  at  the  same  pressure  52'2  atmospheres, 
and  in  coal  gas  as  727  atmospheres;  they  found  that  the  pressure 
in  the  spark  was,  as  might  be  expected  from  the  diminution  in 
the  spark  [wtential,  less  when  the  pressure  of  the  gas  through 
wliich  the  spark  passed  was  low  than  when  it  was  high :  thus  in 
their  experiments  the  pressure  in  the  spark  was  estimated 
by  thera  to  be  27"2  atmospheres  when  the  pressure  of  the  air  was 
586  mm.  of  mercury,  when  the  air  pressure  was  reduced  to  96  mm. 
■of  mercury  the  spark  pressure  fell  to  one  atmosphere.  They  found 
too  that  the  spark  pressure  depended  upon  the  nature  of  the 
electrodes;  thus  under  similar  conditions  they  found  that  the 
apark  pressures  in  air  with  electrodes  of  carbon,  iron  and  brass 
were  respectively  124.  79,  64  atraospherea.  When  as  in  these 
experiments  sparks  follow  each  other  in  rapid  succession,  the  spark 
is  carried  to  a  considerable  extent  by  the  metallic  vapour  Irom  the 
electrode. 

Haschek  and  Exner*  and  Mohlerf  have  published  estimates  of 
the  spark  pressure  derived  from  observations  of  the  displacement 
of  the  lines  in  the  spectrum  of  the  spark  due  to  the  electrode. 
Humphreys!  ^^  shown  that  the  effect  of  increased  pressure  in 
the  vapour  of  a  metal  is  to  displace  the  lines  towards  the  red  end 
of  the  spectrum,  and  has  measured  the  displacement  for  various 
pressures ;  hence  if  we  assume  that  the  displacement  of  the  lines  in 
the  spark  spectrum  is  due  to  the  pressure  of  the  spark,  by  measuring 
this  displacement  we  can  deduce  the  pressure  in  the  spark. 

The  magnitude  of  the  pressures  in  the  spark  explains  the 
mechanical  effects  produced  by  sparks,  such  as  the  perforation  of 
pieces  of  cardboard  or  thin  plates  of  glass. 

I  Heating  Effects  produced  by  Sparks. 

263.  A  large  part  of  the  energy  given  to  the  ions  during 
!  discharge  will  appear  as  heat  and  will  raise  the  temperature 
the  gas  and  the  vessel  in  which  it  is  contained.  Measurementa 
the   heat   produced   by   sparks   have   been   made   by   Rieas§, 


■  Buchek  >nd  Einer,  Witn.  SiUungi.  cyi.  p.  II27,  18! 
+  Hohler,  Ailropl'yiieal  Jmrnat,  iv.  p.  175,  1896. 
t  Hnmpbno's.  JUmphyitcal  Journal,  vi.  p.  1S9,  1897. 
{  Uieit,  Unlmngicltklnclliil. 
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Paalzow*,  G.  Wiedemann  f,  Naocari  and  BeDatiJ,  PoggendoiffI 
Dewar||,  BoUmannT,  Naocaii**,  ViUariff,  Magna}}:  meaflUR- 
ments  in  absolute  measure  have  been  made  by  HeydwOIerfl  and 
Eauffmann|j||.  These  ezpmments  have  mosily  been  made  on 
the  heat  developed  by  the  sparira  prodnoed  by  diadiaiging  Leyden 
jars ;  the  most  definite  result  obtained  ia  that  the  heat  ptoduoed 
in  the  spark  gap  is  only  a  small  finctian  of  the  eneigy  in  the  jar 
before  it  was  discharged.  The  diachaxge  of  the  jar  ia  oacillatorj, 
so  that  in  this  case  we  have  a  series  of  apaika  following  one  another 
across  the  gap  in  quidc  auooeasicm;  under  these  dreumstanoes 
there  is  a  great  tendenqr  for  the  spark  to  change  into  an  arc,  and 
in  the  arc  the  potentiid  difference  between  tihe  electrodes,  and 
therefore  the  heat  produced  by  a  given  current,  ia  very  much  lesB 
than  for  the  spark.  The  relation  between  the  electromotive  force 
and  the  current  in  the  case  of  the  discharge  through  gaaes  is  in 
general  so  different  bom  that  for  metals  that  it  ia  somewhat 
misleading  to  speak  of  the  resistance  of  the  npark  gap:  it  may, 
however,  give  some  idea  of  the  small  amount  of  energy  dissipated 
in  the  spark  gap  to  say  that  the  heating  effect  for  sparks  six 
millimetres  long  has  been  found  in  some  cases  investigated  by 
Miss  BrookslTl  to  be  not  greater  than  that  which  would  have 
occurred  if  a  wire  about  2  ohms  resistance  occupied  the  position 
of  the  spark. 

254.  Schuster  and  Hemsalech***  have  made  some  very  in- 
teresting researches  on  the  constitution  of  sparks  following  rapidly 
one  after  another,  such  as  are  produced  by  the  oscillatory  discharge 
of  a  Leyden  jar.  The  sparks  were  photographed  on  a  rapidly 
moving  film  mounted  on  the  rim  of  a  wheel  making  about  30  revo- 

♦  Paalzow,  Pogg.  Ann.  czxvii.  p.  126.  1866. 

t  G.  Wiedemann,  Pogg.  Ann,  olviii.  p.  85,  1876. 

::  Naocari  and  Bellati,  Beih.  ii.  p.  720,  1878. 

§  Poggendorff,  Pogg.  Ann.  xciv.  p.  632,  1855. 

II  Dewar,  Proc.  Ray.  Soc.  Edin.  vii.  p.  699,  1872. 
IF  Bollmann,  Pogg,  Ann,  cxzxiv.  p.  605,  1868. 
*•  Naocari,  Att,  di  Torino,  xvii.  p.  1,  1882. 

+f  VUlari,  Beih.  iii.  p.  713;  iv.  p.  404;  v.  p.  460;  vi.  p.  699;  Tii.  p.  782. 
■XX  Magna,  Beih.  vi.  p.  953. 
§§  HeydwiUer,  Wied,  Ann,  xUii.  p.  310,  1891 ;  Ixi.  p.  541,  1S97. 

nil  Kanffmann,  Wied,  Ann.  Ix.  p.  653,  1897. 
KIT  MisB  Brooks,  Phil,  Mag,  vi.  2,  p.  92, 1901. 
***  Schnater  and  Hemaalech,  Phil,  Trans,  1899,  vol.  oxeiiL  p.  189. 
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tutions  per  second ;  the  motion  of  the  fiim  was  at  light  angles  to  the 
leogth  of  the  spark,  so  that  the  line  traced  on  the  lilm  by  a  source 
of  light  moving  with  finite  velocity  along  the  spark  length  would 
be  inclined  to  the  direction  of  the  spark,  and  its  inclination  would 
(if  the  velocity  of  the  film  were  known)  give  the  velocity  of  the 
Bource  of  light.  By  sending  the  light  from  the  spark  on  its  way 
to  the  film  through  a  spectroscope  the  velocity  corresponding  to 
any  line  in  the  Hpectnim  could  be  determined. 

The  conclusion  arrived  at  by  the  authors  from  these  experi- 
ments is  that  the  first  spark  pa^es  through  air,  but  that  if  the 
sparks  follow  each  other  in  rapid  succession  (as  they  do  when  pro- 
duced by  the  oscillator)'  discharge  of  a  Leyden  jar)  and  are  not 
Uio  long,  the  succeeding  ones  pass  through  the  vapour  of  metal,  the 
electrodes  being  vaporised  by  the  heat  produced  by  the  first  spark. 
This  view  ia  confirmed  by  a  very  interesting  experiment  made  by 
the  authors:  they  found  that  if  self-induction  was  put  into  the 
spark  circuit  by  which  the  jars  were  discharged  the  air  lines  almost 
disappeared  from  the  spectrum  of  the  spark  while  the  metal  lines  I 
were  very  bright :  the  self-induction  increases  the  time  the  oscilla- 
tions last  and  so  enables  the  vapour  of  the  metal  to  get  well  diffused 
through  the  spark  gap.  the  discharge  passing  for  by  far  the  greater 
part  of  the  time  through  the  vapour  so  that  most  of  the  energy  is 
spent  in  heating  this  and  not  the  air. 

The  authors  found  that  the  velocity  of  the  metallic  vapours  in 
the  spark  was  greater  for  the  metals  of  low  atomic  weight  thaa 
ior  those  of  high;  thus  the  velocity  of  aluminium  vapour  was  1890 
metres  per  second,  that  of  zinc  and  cadmium  only  about  545. 

The  very  interesting  result  was  obtained  that  the  velocities 
of  the  vapoura  of  some  metals  and  especially  of  bismuth  indicated 
by  some  of  the  lines  in  the  spectrum  were  not  the  same  as  those 
indicated  by  other  lines,  thus  in  bismuth  some  of  the  lines  indi- 
cated a  velocity  of  1420  metres  per  second,  others  a  velociiy  of  only 
about  650,  while  one  line  (\  =  37!I3)  gave  a  still  smaller  velocity. 
This  result  raises  some  very  interesting  questions,  as  for  instance 
whether  bismuth  is  a  mixture  of  different  elements,  some  of  the 
lines  in  the  spectrum  being  due  to  one  constituent,  others  to  the 
other  constituents;  another  possibility  is  that  the  molecules  even 
of  an  element  are  not  all  of  the  same  kind,  and  that  the  diffeceut 
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lines  in  the  spectrum  are  emitted  by  molecaks  of  diffierant  kinda ; 
we  should  also  get  a  similar  effect  if  the  relative  intensifeies  of 
the  lines  varied  greatly  with  the  kineiie  eneigy  posBeased  by  a 
molecule ;  if  for  examjde  the  intensity  of  a  line  a  was  veiy  much 
greater  than  that  of  a  line  fi,  for  a  rapidly  moving  molecule,  and 
very  much  less  for  a  slowly  moving  one,  then,  if  the  molecules  of 
the  vapour  were  projected  with  diffiarent  velocitieB»  the  line  « 
would  indicate  a  higher  veloci^  than  /3.  There  are  some  resaoos 
for  thinking  that  many  of  the  lines  in  spectra  obtained  by  arcs  and 
sparks  originate  from  systems  fbmted  daring  the  dischaige  and 
not  from  the  normal  atom,  if  this  were  the  case  we  ooold  easify 
understand  why  different  lines  shonld  indicate  different 


Schenck*  has  also  observed  the  appeaianoe  prosented  in  a 
rapidly  rotating  minor  when  the  alternating  current  prodooed  by 
discharging  a  number  of  Leyden  jaxs  passes  across  an  air  nptice,  hd 
found  that  the  discharge  presented  three  chaiacteriatio  fiaainreB, 
(1)  a  thin  bright  line  followed  in  some  cases  at  intervals  of  half 
the  period  of  the  discharge  by  Cednter  lines,  (2)  bright  corved 
streamers  starting  from  the  negative  terminal,  the  veloci^  of  the 
pi\rticles  in  the  streamers  falling  off  rapidly  as  they  receded  from 
the  pole,  (3)  a  diffused  glow  lasting  for  a  much  longer  period 
than  either  of  the  preceding.  These  three  constituents  give  out 
quite  different  spectra. 


Effect  of  a  Magnetic  Field  on  the  Spark, 

266.  We  shall  see  later  on  that  a  magnetic  field  produces  a 
very  great  effect  on  the  discharge  through  gases  when  the  pressure 
is  low.  At  atmospheric  pressure,  however,  the  effects  on  the  spark 
itself  are  very  slight,  although  the  halo  of  luminous  gas  which 
surrounds  the  course  of  the  sparks  when  a  number  of  sparks 
follow  each  other  in  rapid  succession  is  drawn  out  into  a  broad 
band  by  the  magnetic  field  This  halo,  it  may  be  observed,  is 
deflected  by  a  current  of  air  though  the  spark  itself  is  not  affected 
Prechtf  has  observed  a  distinct  effect  of  a  magnet  on  a  spark  at 
atmospheric  pressure  when  the  sparks  pass  between  a  sharp  point 

*  Sohenok,  Attrophyneal  Journal,  ziv.  p.  116, 1901. 
t  Preeht,  Wied.  Ann.  IxtL  p.  676, 1896. 
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iind  A  blunt  wire ;  the  spark  is  deflected  by  a  transveree  magnetic 
field  in  the  same  direction  as  a  flesible  wire  conveying  a  currant 
in  the  same  direction  as  that  passing  through  a  spark  would  be 
deflecteti.  He  found,  tix),  that  the  magnetic  field  iiflected  the 
spark  potential ;  thus  when  the  distance  between  the  electrodes 
was  8  mm.  and  the  transverse  magnetic  force  7017,  he  found  that 
when  the  pointed  electrode  was  the  anode,  the  rounded  one  the 
cathode,  the  magnetic  fiehl  reduced  the  spark  potential  from  8670 
volts  to  7520  volts,  while  when  the  point  was  cathode,  the  rounded 
electrode  anode  the  same  magnetic  field  increased  the  potential 

tVTO  6250  to  6450  volts. 
256.     When  sparks  are  of  considerable  length  they  exhibit  a 
ranched  appearance,  as  shown  in  Fig.  143,  the  branches  pointing 


r 


Appearance  of  Lang  Sparks. 


Fig.  113, 


Bb  the  negative  electrode;    the   electricity  flowing   along   those 

branches  which  terminate  abruptly  must  ultimately  find  its  way  to 

the  electrodes  by  a  dark  discbarge.     The  appearance  of  the  spark 

18  different  at  the  positive  and  negative  terminals,  there  is  a  single 

aight  stem  at  the  positive,  while  at  the  negative  the  discharge 

divided   into   several   threads.      The  spark   along    its   course 

liibits  abrupt  changes  in  direction  as  if  it  made  its  way  by 

i  of  jumps  rather  than  as  an  uninterrupted  stream. 


s 

s 

2 
i> 

1 
1 

i 

giiigiis§g§§§g||| 

$j9mmmmn 

g 

iiSiiiiigi«;ii§i§g 

jl 

?|||???i?S|?fgiiP= 

1 
1 

B 
3 

I 
B 

i 
J 
1 

ill 

1480 
1275 
1010 
790 
630 
626 
452 
405 
371 
361 
366 
368 
364 
370 
397 
441 
464 
676 
691 
863 
1092 
1305 

i 

igsiRigggiiiiiiigii 

iipisssisiiiiiisisiiii 

:.i 

^  ^^^j^^txBmmimm 

256] 


SPAEK   DISCUARGB. 


Ip  I  SiilEliSlliiiigiSS 


|i:s 

m 


^o»«i;Biyi$p-<p?S  — ?  —  *SS^ 


p^n«a.a; 


III  j  llSiliiiiiSiililig 


ii.3 


tU 


iSsSiiiisSiiiSSii&iiiii 


^li 


e9| 


3««!;ii%S!ji;fSSS3s 


if! 


•<>i-!l>7iM^^$^S^Sp$r^S^§& 


lii^§^^^lilii^li^lii§§i 


iii 


'— \ 


SPARS    DISL-tlARUB. 


e 

a 

2 

! 
1 

i 

iiiiSiig3e§iig|gg 

PI 

lljjIiiiliSiis??! 

i 

! 
1 

its 

0,-S 

600 
604 
416 
368 
356 
349 
3S8 
369 
370 
388 
427 
484 
676 
706 
936 
1283 
1686 
1774 

ill 

734 
4-61 
2-86 
1-86 
1-67 
1-34 
114 
•982 
•839 
714 
•607 
■617 
■440 
•375 
■321 
•276 
■232 
■816 

1 

i 

! 
1 

i 

|gpiiii5giiigg?iigiii| 

ia 

^2S25ilisl!!!!!^^^^?^^^ 

! 

1 

527 
456 
400 
373 
355 
351 
357 
371 
389 
419 
460 
534 
664 
886 
1042 
1312 
1696 
1829 

hi 

^^^l5f?g|????il??li 

a 

i 

J 
1 

iiisii?£sslissiisisiiii 

1 

1-r 

256] 


SPARK   DESCHARGK. 


|1^ 


SSS'WwSrtSrePS'wSSr-oeor- 


'is. 


S3?$SSSS$ 


1-1  = 


iisiiiiiiissisi^ig 


111 


^p^»S^?SS9??^$9^?!^ 


Ssii§SlisiiliSi3iE§ilii 


I  Si! 


ill 


iiilKiSssisiiiiisii 


SI'S 


1§^ 


•Si's 


u-  /  -■= 


>■%"%■% 


SPARE   DISCH&ItOP. 


1 
i 

igilSiilllllssiig 

ii 
'11 

sssjiSlllii??Es*^ 

1 

i 

iSiiSSsisiiSlSilalE 

lit 

g^gj?||||||?|??5?sii 

B 
S 

t 

1 

M 

sisSI=sSSSliiis|3i 

lit 

SES£s!2iliSSS?!?^^ 

i 

! 
1 

SJ=iS|s2|s3Ei||j|||| 

III 

ssgsiiii!!Iii!!!SS'^ 

i 

siSSssSSSsiiiisSli 

ffi 

256] 


SPARK   DISCHABQE. 


i 

! 
1 

526 
427 
336 
299 
283 
287 
295 
313 
343 
426 
595 
850 
1142 
1477 
1710 

ill 

SSSSSSsllsliii! 

i 

1 

i 

Iilisiiiiii;§is|g 

1 

5- -  p  r  ,,»??????  g  s  ? 

i 

« 

5iiisliSllii||| 

jji 

i 

Siiiiiiiisiisiii 

111 

.  p  -  .^  ,  „  ?  ?  ?  S  g  ?  S  S  8 
S  S  g  S  2  =  S  »'-"•«'-'•=•■  " 

a 
II 

1 

i 

lilaSiisSligs 

Ml 

ES2|iKisSSII,t 

CHAPTER  XVI. 

DISCHARGE  THROUOH  OASES  AT  LOW  PHBSSDRESl 

257.     When  the  electric  discharge  posaes  tbroof^  a  gu  at 

a  low  pressure  diSerencea  in  the  appearance  of  the  discharge  m 
various  poiats  in  its  path  become  veiy  cleariy  mailed.  The 
discharge  (Fig.  144)  presents  the  following  feotara :  starting  from 
the  cathode  I  there  is  a  thin  layer  of  lamiDoaity  spread  over  its 
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Fig.  m. 

surface,  next  to  this  there  is  a  comparatively  dark  space,  called 
the  Crookes  dark  space,  the  width  of  which  depends  on  the 
pressure  of  the  gas,  increasing  as  the  pressure  diminishes ;  it  also 
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constitutes  by  far  the  greater  part  of  tiie  discharge,  hr  the 
Crookes  space,  the  negative  glow,  and  the  Faraday  dark  space  do 
not  depend  markedly  upon  the  length  of  the  tube,  so  that  when 
the  length  of  the  discharge  is  increased,  the  increase  is  practically 
only  in  the  length  of  the  positive  column;  thus  for  example  in  a 
tube  used  by  the  writer  about  16  metres  long  the  positive  column 
occupied  the  whole  of  the  tube  with  the  exception  of  two  or  three 
centimetres  close  to  the  cathode. 


Distribution  of  the  Electric  Force  along  the  diecharge. 

258.  The  electric  force  varies  greatly  along  the  discharge ;  it 
has  been  measured  by  Hittorf*,  Grahamf,  A.  Herz^  Skinner§, 
and  H.  A.  Wilson||.  The  method  employed  by  these  observers 
was  to  measure  the  potential  acquired  by  a  metal  wire  placed  in 
various  positions  along  the  line  of  discharge,  if  the  potential  of 
the  wire  is  the  same  as  that  of  the  gas  with  which  it  is  in  contact 
wc  get  from  these  observations  the  means  of  determining  the  dis- 
tribution of  electric  force  along  the  tube.  As  an  example  of  how 
this  metho<l  is  carried  out  in  practice  we  may  take  the  apparatus 
used  by  H.  A.  Wilson  and  shown  in  Fig.  146.     The  discharge 


—  /&  />tmp  ere 


Fig.   146. 

passed  between  two  aluminium  discs  C  and  I)  supported  by  thin 
glass  rods  which  kept  them  a  constant  distance  apart.  Flexible 
wire  spirals  connected  these  electrodes  with  wires  sealed  through 
the  ends  of  the  tube.  A  piece  of  iron  H  was  fixed  to  the  frame 
carrying  the  electrodes  and  enabled  it  to  be  moved  along  the 

♦  Hittorf,  Wied.  Ann,  xx.  p.  705,  1883. 
t  Graham,  Wxtd,  Ann,  Ixiv.  p.  49,  1898. 
X  A.  Herz,  Wied,  Ann.  liv.  p.  246,  1895. 
§  Skinner,  Wied.  Ann.  Ixviu.  p.  762,  1899. 
II  H.  A.  Wilson,  Phil,  Mag.  v.  49,  p.  605,  1900. 
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tube  by  means  of  a  magnet.  Two  electrodes  E,  F  about  1  raiu. 
apart  were  fiiBed  through  the  side  tube  G ;  these  electn>de8  were 

Lconnected  with  a  quadrant  electrometer  whose  deflection  gave  the 
Jifference  of  potential  between  E  and  F,  and  hence  the  electric 
force  at  this  part  of  the  tube.  By  moving  the  framework,  EF 
»uld  be  brought  into  any  part  of  the  discharge  between  C  and  D, 

rand  thus  the  distribution  of  electric  force  between  the  electrodes 
mapped  out.  Another  method  which  has  been  used  is  to  keep 
the  electrodes  C  and  D  fixed  and  move  E,  F  by  attaching  them  to 
u  support  floating  on  the  top  of  a  column  of  mercury  the  height  of 
which  could  be  altered. 

For  methods  such  as  those  just  described  to  be  successful  the 
secondary  electrodes  must  take  up  the  potential  of  the  gas  with 
which  they  are  in  contact;  to  enable  them  to  do  this  quickly 
tiiere  must  be  a  plentiful  supply  of  both  positive  aiid  negative 
ions  in  the  gas  to  give  up  their  charges  to  the  wire  and  thus 
raise  or  lower  its  potential  to  equality  with  the  surrounding 
gas ;  the  results  obtained  seem  to  justify  the  assumption  that  at 
moderate  pressures  the  secondary  electrodes  do  in  most  parts  of 
the  discharge  acquire  the  potential  of  the  gas,  but  the  method  is 

dangerous  one  when  the  pressure  is  very  low,  or  when  the 
is  placed  in  the  Crookes  space  where  the  conductivity  is 

iry  low. 

Thus,  to  take  an  extreme  case,  suppose  that  a  secondarj' 
electrode  is  placed  in  an  enclosure  in  which  there  are  torrents 
f  negative  ions  but  no  positive  ones,  then  the  wire  will  go  on 
aiving  negative  electricity  until  it  gets  so  highly  charged  that 
i  is  able  to  repel  the  negative  ions  sufficiently  to  prevent  any 
a  striking  it ;  when  this  stage  is  arrived  at  its  potential  may 
e  IdWcT  than  that  at  any  point  in  the  enclosure  previous  to  its 
introduction, 

259.  I  have  suggested  lor  discharge  at  low  presaurea  the  use 
F  a  method  in  which  the  deflection  of  the  cathode  rays  is  used 
ire  the  strength  of  the  electric  field.  The  apparatus  used 
»  carry  out  this  method  is  shown  in  Fig.  147.  A  and  B  an? 
ibe  electrodes  kept  at  a  constant  distance  apart  and  attached 
I  springs,  by  means  of  which  they  can  be  moved  along  the 
bhe.     E  and  F  are  side  tubes  placed  in  line  with  each  other. 


JISTTfABfiH. 
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Fig.  147. 


irnvfAn  down  the  tabe  F  prodadng  a  bright  patch  on  a  phos- 
phorescent »creen  placed  at  the  end  of  the  tabe.  As  the  cathode 
Thyn  ATfi  deflected  bj  the  electric  force  along  the  line  of  discharge 
the  jiatch  on  the  screen  will  be  deflected  from  the  position  it 
rK^ipies  when  the  discharge  is  not  passing;  by  measuring  this 
d<;flor:t]on  wc  can  determine  the  electric  force  at  the  part  of  the 
dincharge  traversed  by  the  rays ;  by  moving  the  electrodes  A  and 
//  along  the  tube  we  can  map  out  the  electric  field  at  all  parts  of 
thn  diHchargc.  Mr  Strachan  at  the  Cavendish  Laboratory  has  in 
thiH  way  obtained  the  distribution  of  electric  force  in  gases  at  low 
pr(mNU^<^ 

280.  1'he  distribution  of  electric  force  in  a  discharge  tube 
undor  viiriouH  circumstances  as  to  pressure  and  current  is  repre- 
MnittMl  in  tho  following  figures  in  which  the  ordinates  represent 
tho  viilut«  of  tho  electric  force  at  a  point  in  the  tube  whose  position 
'    '^xvd  by  the  abscissa.    From  these  curves  we  infer  that  the 
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electric  force  is  very  large  indeed  in  the  Crookea  dark  space, 
diminishes  rapidly  towards  the  negative  glow,  and  in  the  negative 
glow  itself  it  is  very  small;  it  reaches  a  minimum  either  in  the 
glow  itself  or  in  the  portion  of  the  Faraday  dark  space  just 
outside  the  negative  glow,  after  which  it  increases,  towards  the  posi- 
tive column ;  in  the  case  of  a  uniformly  luminous  positive  column 
(Fig.  148)  the  electric  force  is  constant  along  it  until  we  get  quite 
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Current  0-676  m.ft. 


close  to  the  positive  electrode ;  a  sudden  jump  in  the  potential, 
called  the  anode  fall  of  potential,  occurs  quite  close  to  the  anode ; 
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in  many  of  Wilson'a  ezperimentB  this  drop  was  preceded  I7  ^le 
electric  force  fiUling  to  an  exceedingly  low  value ;  in  aome  cues 
indeed  it  was  apparently  reveraed ;  it  ia  not  certain  however  thit 
this  apparent  reversal  may  not  have  been  due  to  diaturbancea 
produced  by  the  introduction  of  the  wires,  be,  used  to  measBre 
the  potential.  When  the  poaitive  oolumn  was  atriated  then,  u 
we  see  from  Fig.  149,  the  alternations  of  luminosity  in  the 
positive  column  are  accompanied  by  altemationa  in  the  valne  of 
the  electric  force,  maxima  of  the  electric  force  occurring  at  the 


Fig.  160. 

bright  i>nrts  of  the  striie,  minima  at  the  dark  parts.  Graham 
showed  that  when  the  gas  was  impure  there  were  considerable 
variations  in  the  electric  force  even  in  the  luminous  positive 
coliiiun;   this  is  shown  in  Fig,  150  and  Fig.  151,  which  repre- 


sent the  distribution  of  electric  force  in  an  impure  gas  and  in  one 
1 ' '  *>  had  been  carefully  purified.    When  there  ia  do  positive 
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column  there  is  no  region  of  constant  intensity  between  the  anode 
and  the  negative  glow. 

If  X  is  the  electric  force,  supposed  parallel  to  x,  and  p  the 
density  of  the  electrification,  then  from  the  equation 

dX 


dx 


=  47r/9 


we  see  that  the  slope  of  the  curves  for  X  enables  us  to  find  the 
excess  of  the  positive  over  the  negative  ions  at  each  point  of  the 
discharge ;  an  inspection  of  the  curves  shows  that  there  is  a  very 
large  excess  of  positive  over  negative  in  the  Crookes  dark  space ; 
in  the  negative  glow  the  positive  and  negative  ions  are  about 
equal  in  number ;  in  the  Faraday  dark  space  there  is  an  excess  of 
negative  ions;  in  the  uniform  positive  column  the  two  kinds  of 
ions  are  about  equal  in  number,  while  in  a  striated  positive 
column  there  is  a  negative  charge  on  the  cathode  side  of  the 
bright  part  of  a  striation  and  a  positive  charge  on  the  anode 
side. 

261.  Distrihxdion  of  electric  force  near  the  cathode.  The 
electric  field  in  the  neighbourhood  of  the  cathode  has  been  the 
subject  of  many  researches.  Hittorf*  showed  that  the  potential 
diflFerence  between  the  cathode  and  a  point  in  the  negative  glow  was 
independent  of  the  current,  provided  this  was  not  great  enough  to 
cause  the  negative  glow  to  enclose  the  whole  of  the  cathode.  When 
that  stage  was  reached  the  potential  between  the  cathode  and  the 
glow  increased  with  the  current.  Thus  if  the  cathode  is  a  wire, 
then  when  the  current  is  small  the  negative  glow  only  surrounds 
the  tip  of  the  wire ;  as  the  current  is  increased  the  negative  glow 
encloses  more  and  more  of  the  wire,  but  it  is  not  until  the  glow 
reaches  the  end  of  the  cathode  that  the  dilQFerence  of  potential 
between  the  cathode  and  the  glow  begins  to  be  affected  by  the 
current.  This  difference  of  potential  is  called  the  cathode  fall  of 
potential.  Warburgf  showed  that  it  was  independent  of  the  pres- 
sure of  the  gas,  and  that  the  potential  fall  was  practically  the  same 
whether  platinum,  zinc,  copper,  silver  or  iron  electrodes  were 
used ;  it  was,  however,  considerably  less  when  the  electrodes  were 

*  Hittorf,  Wied.  Ann.  zz.  p.  705,  1888. 

t  Warbazg,  Wied,  Arm.  zzzL  p.  545, 1887 ;  zl.  p.  1, 1800. 
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made  of  aluminium  or  mi^esium.  Mey*  has  recently  shown 
that  the  cathode  fall  of  potential  depends  more  than  had  been 
supposed  on  the  nature  of  the  cathode,  and  that  it  fidls  to  com- 
paratively low  values  for  the  strongly  electro-positive  alkali  metals 
(see  also  Lyman,  Proc.  Comb.  Phil.  iSbc  xil.  p.  45, 1902).  With 
zinc,  copper  and  iron  electrodes  the  cathode  fisdl  of  potential 
is  often  abnormally  small  when  the  electrodes  are  new;  it 
rises  however  to  its  normal  value  after  the  electrodes  have 
been  used  for  some  time.  Warburg  ascribes  this  effect  to  the 
presence  of  a  thin  layer  of  oxide  on  the  new  electrode,  which  gets 
removed  in  course  of  time  by  the  disintegration  which  occurs  when 
the  metal  is  used  as  a  cathode.  Hittorff  discovered  that  the 
cathode  fall  became  exceedingly  small  when  the  cathode  was 
raised  to  a  red  heat.  Qoldstein|  and  Warburg  (Zoc.  ctt.)  found 
that  the  diminution  in  the  cathode  &11  became  much  less  when 
the  heating  was  continued  for  a  long  time.  It  is  worthy  of  remark 
in  this  connection  that  the  emission  of  negative  electricity  from 
an  incandescent  wire  often  falls  off  very  considerably  after  long- 
continued  heating.  Warburg  found  that  a  trace  of  impurity  in 
the  gas  produced  surprisingly  large  effects  on  the  cathode  fall  of 
potential.  Thus  he  found  that  the  cathode  fall  in  nitrogen  which 
contiiined  traces  of  moisture  and  oxygen  was,  with  a  platinum 
cathode,  260  volts,  while  the  same  nitrogen,  after  being  very  care- 
fully dried,  gave  a  cathode  fall  of  343  volts ;  thus  a  mere  trace  of 
moisture  had  diminished  the  cathode  fall  by  25  per  cent.  As  long 
as  the  total  quantity  of  water  vapour  is  small,  the  lowering  of  the 
cathode  fall  does  not  seem  to  depend  much  upon  the  amount  of 
aqueous  vapour  present ;  when  however  there  is  much  water 
vapour  present  the  fall  is  greater  than  in  pure  nitrogen ;  thus  in 
a  mixture  of  aqueous  vapour  and  nitrogen  in  which  the  pressure 
due  to  the  aqueous  vapour  was  2*3  mm.,  that  due  to  the  nitrogen 
3*9  mm.,  the  cathode  fall  was  396  as  against  343  in  nitrogen  with 
a  trace  of  oxygen;  the  increase  in  the  cathode  fall  was,  however, 
not  nearly  so  great  as  that  in  the  potential  differences  along  the 
positive  column.  In  hydrogen  Warburg  found  that  a  trace  of 
aqueous  vapour  increased  the  cathode  fall  of  potential. 


*  Mey,  Verhand.  DeuUehen  Physikalischen  GeselUehaft,  v.  p.  72,  1903. 
+  Hittorf,  Wied,  Ann,  xxi.  p.  133,  1884. 
t  Goldstein,  Wied.  Ann.  xxiv.  p.  91.  1885. 
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Warburg*  also  investigated  the  effect  of  removing  from  the 
gas  all  traces  of  oxygen.  This  was  done  by  depositing  on  the 
inside  of  the  tube  a  thin  layer  of  sodium,  the  layer  was  formed  by 
placing  the  tube  in  sodium  amalgam,  heating  the  glass  and  sending 
a  current  of  electricity  from  the  amalgam  through  the  hot  glass  to 
an  electrode  inside  the  tube  :  the  sodium  thus  deposited  combined 
with  any  oxygen  there  might  be  in  the  tube.  The  removal  of  the 
oxygen  produced  a  very  great  effect  on  the  potential  fall ;  thus  in 
nitrogen  with  platinum  electrodes  the  cathode  fall  was  reduced  by 
the  removal  of  a  trace  of  oxygen  from  343  to  232  volts,  while  with 
magnesium  electrodes  the  cathode  fall  when  there  was  no  oxygen 
was  207  volts.  In  hydrogen  free  from  oxygen  the  cathode  fall  was 
300  with  platinum  electrodes  and  168  with  magnesium  electrodes; 
thus  with  platinum  electrodes  the  cathode  fall  is  greater  in 
hydrogen  than  in  nitrogen,  while  with  magnesium  electrodes  it  is 
less.  The  results  given  in  the  tables  on  p.  486  show  that  the 
pressure  of  oxygen  diminishes  the  ionising  power  of  the  positive 


ions. 


The  following  table  contains  the  results  of  the  measurements  of 
the  cathode  fall  of  potential  in  various  gases  by  Warburg  (loc.  cit), 
Capstickt  and  StruttJ;   it  also  contains  the  measurements   by 


Gas 

Cathode  fall  in  volts 
Platinum  electrodes 

Cathode 

fall  with 

alaminium 

electrodes. 

Warburg 

Minimam  po- 
tential differ- 
ence required 
to  produce  a 
spark.  Strutt 

Warburg 

Capstick 

Strutt 

Air  

340—350 
about  300 

230  if  free 

from  0 

340 

•  •  « 

•  •  • 

•  •  • 

•  •  • 

298 
369 
232 

«  •  • 

•  •  • 

469 
582 

•  •  • 

•  •  • 

•  •  V 

•  •  • 

226 

•  •  • 

a  •  • 

•  •  • 

168 

•  •  • 

207 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

341 
302     308 

•  •  • 

251 
261^26 

•  •  • 

•  •  • 

Ho    

O2 

■v^jj  . a. ......... 

No 

•*    ]!••«......■.. 

Hg  vapour 
Helium    ... 
HsO 

**3{v^   •■....... 

NH, 

3 ••••••••• 

Strutt  of  the  least  potential  difference  able  to  produce  a  spark 
through  the  various  gases.     We  see  from  the  results  that  there  is 

*  Warburg,  Wied.  Ann,  xl.  p.  1,  1890. 

t  Capstick,  Proe.  Soy,  8oe,  Ixiu.  p.  856,  ISidS. 

t  Btntt,  Phil  Tram,  exdii.  p.  %T?,  1%Q0. 
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very  considerable  evidence  in  fiakvonr  of  the  view  that  the  mioimiim 
potential  difference  required  to  prodooe  a  spazk  through  a  gas  ib 
equal  to  the  cathode  £biI1  of  potential  in  that  gaa 

The  influence  of  the  material  of  the  eleetrode  is  shown  bj  tiie 
results  quoted  in  the  following  table  whidi  is  due  to  Mey  (Ij6.)l 

'    Cathode  Faixw 


Gas 

Bloetrada 

Pt 

Hg 

Ac 

Oa 

Fa 

Zn 

Al 

Mg 

Nm 

Na-K 

X 

0.   ... 

369 

•  •  • 

•  «  • 

••• 

■•• 

•  •• 

••• 

■  •• 

••• 

••• 

••• 

Ho  ... 

300 

•  •  • 

296 

880 

880 

818 

190 

168 

185 

169 

ITS 

N,  ... 

232 

226 

•  •  • 

•  •• 

••• 

••• 

••• 

807 

178 

185 

170 

He  ... 

226 

•  •  • 

•  ■• 

••• 

••• 

••■ 

■•• 

•■• 

80 

78-5 

69 

Arg... 

167 

•  •  • 

••■ 

■•• 

••• 

••• 

100 

••• 

••• 

••• 

••• 

Capstick  found  that  if  in  dry  gases  a  trace  of  oxygen  was 

present  the  cathode  fall  was  approximately  the  same  as  in  pure 
oxygen.  This  is  borne  out  by  the  results  of  the  experiments  of 
Warburg  already  quoted  on  the  effect  produced  by  a  trace  of 
oxygen  in  the  presence  of  nitrogen.  When  water  vapour  is 
present  it  would  appear  from  Warburg's  experiments  that  this 
effect  of  the  oxygen  is  to  a  large  extent  neutralised.  We  have 
already  (p.  506)  alluded  to  Warburg's  experiments  on  the  great 
diminution  in  the  rate  of  escape  of  negative  electricity  from 
a  point  in  nitrogen  produced  by  the  presence  of  a  trace  of  oxygen; 
it  seems  probable  that  this  effect  is  connected  with  that  of  a  trace 
of  oxygen  on  the  cathode  fall.  The  latter  effect  can  hardly  be  due 
to  any  oxidation  of  the  electrode,  for  Warburg  has  shown  that  the 
potential  fall  at  slightly  oxidised  surfaces  is  less  than  that  at 
bright  ones. 

262.  For  the  compound  gases  HgO  and  NH,  the  cathode 
fall  seems  to  obey  the  additive  law,  thus  the  cathode  fisiU  in 
HgO  =  cathode  fall  in  Hj  +  ^  cathode  fall  in  Oj,  while  the  cathode 
fall  in  NH3  =  ^  cathode  fall  in  Nj  +  f  cathode  fell  in  H,;  the 
connection  between  the  cathode  fall  in  a  gas  and  its  chemical 
composition  suggested  by  the  two  results  just  quoted  is  not 
confirmed  by  the  observations  of  Matthies*  on  the  cathode  fell 

*  MatihiM,  Ann,  der  PKiyt.  xm.  ^.  ^1^^  IMS. 
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in  the  compound  gases  HgCI,,  HgBr,,  Hgl,.  For  these  gases  the 
cathode  fall  of  potential  ia  air  with  a  platinum  withode  are 
respectively  366,  395,  and  432  volts,  while  the  cathode  fall  for 
mercury  vapour  is  340  and  for  iodine  vapour  377.  The  experi- 
ajnental  difficnltiea  are,  however,  very  great  when  compound  gases 
re  used,  as  with  these  gases  it  is  exceedingly  difficult  to  get 
,  continuous  discharge.  If  a  circuit  containing  a  telephone  is 
tlaced  in  aeries  with  the  discharge  tube,  Capstick  found  that  it 
te  almost  impossible  to  get  the  telephone  silent  when  a  compound 
gas  is  in  the  tube,  while  there  is  no  difficulty  whatever  in  doing 
so  with  an  elementary  gas.  The  singing  of  the  telephone  indicates 
that  the  discharge  is  intermittent,  and  when  this  is  the  case  the 
cathode  fall  cannot  be  measured.  Carr  came  to  the  conclusion 
■ttiat  the  minimum  spark  potential  foUowed  the  additive  law. 

263.  Current  density  at  the  cathode.  H.  A.  Wilson*  has 
measured  the  current  density  at  a  cylindrical  wire  cathode  when 
the  negative  glow  does  not  envelop  the  whole  of  the  negative 
.dectrode.  Under  these  circumstances  the  glow  assumes  the  appear- 
BDce  shown  in  Fig.  1.52,  its  shape  resembling  a  teat  tube  with  a  well 
Inarked  lip  at  the  end  furthest  from  the  anode ;  as  the  current 
increases  the  glow  reaches  further  along  the  electrode,  the  length 


Fig.  153. 

Of  the  glow  being  proportional  to  the  current.  WehneJtf  has 
1  that  the  discharge  from  the  cithode  is  confined.to  the  area 
oovered  by  the  glow  and  that  the  current  density  ia  constant  over 
this  area ;  this  shows  that  the  current  density  at  the  cathode  is  inde- 
jpendent  of  the  total  current  flowing  through  the  tube,  provided 
Jhat  this  is  not  so  large  as  to  make  the  glow  envelop  the  whole  of 
the  cathode.  Wilson  made  a  series  of  experiments  in  air  at  dif- 
■ent  pressures,  ranging  from  6-7  mm.  to  "023  mm.,  and  found  that 
f  C  is  the  total  current  flowing  through  the  tube  in  milliamp&res, 

•  H.  A.  WiUon,  Pldl.  ilng.  vi.  i.  p.  0O9,  1902. 
t  Wehneh,  Ann.  d/r  I'hyi.  Tii.  p.  '237,  190a. 


540 


DISCHABOE  THBOCOH  OJ^  AT  LOW 


I  the  length  of  wire  oovared  by  the  glov  in  oentunetarei^  d  the 
diameter  of  the  wire  in  centimetni^  p  die  praoBon  of  the  pi 
in  mm.  of  mercury,  tbra  C/lw{d  +  'i^)p  i*  ^ipcDximaitely  oon- 
stant  and  equal  to  '4;  Uiia  result  indjcatee  that  the  cmnat 
density  at  a  point  '26  mm.  from  the  flurfiwie  of  the  cathode  ii 
constant  when  the  piesBore  is  constant  whatever  -the  diameter 
of  the  wire,  and  is  proportional  to  tiie  pressure  when  tiiia  aherL 
It  is  remarkable  that  the  current  densiiy  is  the  same  for  alamininin 
as  for  platinum  electrodes,  though  the  cathode  fiill  is  difEoraot. 
An  inspection  of  Wilson's  nombeiB  shows  that  thongh  C{p  n 
approximately  constant  there  is  a  tendency  for  it  to  slowly 
decrease  to  a  minimum  and  then  slightly  increase  again. 


264.  The  diatribatioH  of  tltetrie  force  in  t&s  dark  tpoM  and 
negative  glow.  The  first  determination  of  the  electric  force  in  tiie 
dark  space  was  made  by  Schuster*  who  showed  that  if  F^  is  the 
difference  of  potential  between  the  cathode  and  a  point  in  the 
dark  space  or  negative  glow  at  a  distance  s  from  the  cathode,  then 
the  relation 

r- 7.(1 -.-*), 

where  Kg  is  the  cathode  &11  and  A;  a  constant  (for  constant  pressure), 

represented  very  approximately  the  results  of  his  experiments. 

d^V 
This  distribution  of  potential  would,  since  -j-^  =  —  4firp,  where  p 


•  Bdautar,  Prae.  Sojf.  Soe.  xItU.  p.  SH,  1800. 
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is  the  density  of  the  free  electricity,  involve  in  the  dark  space  the 
existence  of  a  positive  charge  of  electricity,  whose  density  de- 
creases in  geometrical  progression  as  the  distance  from  the  cathode 
increases  in  arithmetical  progression. 

Graham*,  who  also  measured  the  distribution  of  the  electric 
force  in  the  dark  space  near  the  cathode  in  nitrogen,  obtained 
for  the  distribution  of  potential  results  represented  by  the  curves 
in  Fig.  153.  From  these  curves  it  would  follow  that  although 
throughout  the  greater  part  of  the  dark  space  the  electrical  charge 
is  positive,  there  is  a  layer  of  negative  electricity  just  in  front  of 
the  cathode.  Wehnelt  has  repeated  Graham's  experiments  without 
finding  the  nicks  in  the  curve  near  the  cathode ;  he  ascribes  them 
to  the  two  exploring  wires  not  being  in  the  line  of  the  current. 
Wehnelt  gives  the  following  curves  as  representing  the  distribu- 


:^^^^yi?^^^^^^^^^^^5^^^^^Ji^5^ 


Fig.  154. 

tion  of  the  equipotential  sur&ces  near  the  cathode  ;  they  probably 
are  influenced  to  some  extent  by  the  walls  of  the  tube.  Both 
Schuster  and  Graham  found  that  the  electric  force  increased  very 
rapidly  close  to  the  cathode;  it  was  however  very  appreciable 
throughout  the  dark  space.  Skinnerf ,  in  some  recent  experi- 
ments, came  to  the  conclusion  that  the  whole  of  the  cathode 
&11  takes  place  quite  close  to  the  cathode,  and  that  the  electric 
force  in  the  rest  of  the  dark  space  is  exceedingly  small.  I  think 
the  latter  result  must  be  due  to  the  exploring  wire  not  having 

*  Graham,  Wied.  Ann.  buy.  p.  49,  1898. 
t  Skinner,  Phil  Mag.  vi.  3,  p.  616, 1902. 
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taken  up  the  potential  of  the  gas  aroimd  it ;  for  Strachan,  using 
the  method  deiscribed  on  p&ge  532,  has  found  in  agreement  witb 
Schuster  and  Graham  that  although  the  force  increases  exceedinglj 
rapidly  near  the  cathode,  it  is  quite  appreciable  throughout  the 
rest  of  the  dark  space. 

266.  The  cathode  fall  of  potential  ceases  to  be  eonstaat  when 
the  negative  glow  covers  the  whole  of  the  electrode,  or  when  ii 
reaches  to  the  walls  of  the  tube :  its  value  under  these  circumstaoct« 


is  always  greater  tha 
value.     Stark*  has 
cathode  fall  of  poten 
this  is  large  enough  to  ^ 
glow 


and  may  rise  to  a  verj'  hJgt 
ing  formula  connecting  the 
ntensity  of  the  current  when 
'  of  the  cathode  with  negative 


where  ^n  is  the  normal  c 
/  the  area  of  the  cathode,  u 
and  X  constants. 


1,  p  the  pressure  of  the  gas, 
i:urrent  through  the  tube,  and  k 


266.  Thickness  of  the  dark  space.  As  the  pressure  diminishes 
the  dark  space  gets  broader  and  broader :  the  connection  between 
the  pressure  of  the  gas  and  the  width  of  the  dark  space  has  been 
investigated  by  Puluzf.  CrookesI,  and  more  recently  by  Ebert^ 
According  to  Ebert  the  width  of  the  dark  space  is  not  in'  general 
inversely  proportional  to  the  pressure  of  the  gas,  i.e.  directly 
proportional  to  the  mean  free  path  of  the  molecules  of  the  gas. 
The  law  found  by  Ebert  when  the  cathode  was  so  remote  from  the 
walls  of  the  tube  that  the  latter  did  not  exert  any  restriction  on 
the  growth  of  the  negative  glow  may  be  expressed  as  follows. 

Let  di.dthe  the  thicknesses  of  the  dark  space  in  the  same  gas 
at  the  pressures  pi,  p,  respectively,  then 
d,_(p,Y 

where  wt  is  a  positive  quantity  in  general  less  than  unity;  he 

*  Stark,  PhgfikalUehe  ZtittehH/t,  iii.  p.  374,  1903. 
t  Polaz,  Wien.  Siti.  Ixixi.  p.  674,  1B80. 
•;  CiookM,  PhU.  Tratu.  olii.  p.  18B,  1879: 
g  Ebert,  WUd.  Attn.  Inx.  pp.  300,  573, 1899. 
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found  that  for  the  gases  examined,  air,  Oj,  Hj,  Nj,  CO,  and  CO2, 
there  was  a  discontinuity  in  the  relation  between  d  and  p 
when  a  certain  pressure  IT,  different  for  the  different  gases,  was 
reached,  the  value  of  m  for  pressures  greater  than  11  differing 
from  its  value  for  lower  pressures;  thus  to  take  oxygen  as  an 
example,  Ebert  found  that  for  pressures  greater  than  '7  mm.  of 
Hg  m  had  the  value  '459,  while  for  lower  pressures  m  was  equal 
to  '738.  It  is  remarkable  that  the  pressure  '7  mm.  is  the  pressure 
at  which  Bohr*,  Baly  and  Ramsay f  found  a  discontinuity  in  the 
relation  between  the  pressure  and  the  volume  of  the  gas  to  occur. 
BattelliJ  also  obtained  this  result.  Lord  Rayleigh§,  who  made 
a  very  careful  examination  of  the  relation  between  the  pressure 
and  the  volume  of  oxygen,  was  unable  to  detect  any  such  dis- 
continuity. Newall|l  discovered  that  the  electrodeless  discharge 
through  oxygen  behaved  very  differently  according  as  the  pres- 
sure was  greater  or  less  than  a  certain  critical  pressure  which 
was  about  '7  mm.  Ebert  IT  gives  the  following  values  for  II,  the 
pressure  at  which  the  change  in  the  law  connecting  p  and  d 
appears,  and  for  d  the  thickness  of  the  dark  space  at  a  pressure 
of  1  mm. 


Gas 

n 

d 

Ho 

2-0  mm. 
1-3  mm. 
1*0  mm. 
1*1  mm. 
0*9  mm. 
0*7  mm. 

3-8 
2-6 
2-2 
2-1 
1-9 
1-6 

^^»  ............ 

CO    

Nj 

A'  31  .......... .. 

COo  

Air"  ...: 

Oo 

^^% 

He  states  that  11  is  approximately  proportional  to  the  reciprocal 
of  the  linear  dimensions  of  the  cathode ;  if  this  is  the  case  there 
seems  no  reason  for  connecting  11  with  the  stage  where  there  is 
a  change  in  the  relation  between  the  pressure  and  volume  of  the 
gas. 

•  Bohr,  Wied.  Ann.  xxvii.  p.  459,  1886. 

t  Baly  and  Ramsay,  Phil  Mag.  v.  38,  p.  307,  1894. 

t  BatteUi,  Physikaluche  Zeitsehrift,  iii.  p.  17,  1901. 

§  Rayleigh,  Phil.  Trans.  A.  196,  p.  205, 1901. 

il  NewiOl,  Proe.  Comb.  Phil.  Soc.  ix.  p.  295, 1897. 

H  Ebert,  Vefha$td.  DeuUeh.  Physik.  Oe$,  ii.  p.  99, 1900. 
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267.  The  following  Teenlts  tkkoi  frcm  Ebeife  paper  will 
give  some  ides  of  the  (hickneeH  of  the  doik  space  d  at  differemt 
pressurea  p  in  different  gases. 


D  mm.  of  Hg  I  2-06  I  1-M  I  041  10471047    10-10    I 
nmm |  l-S    |  1-8    1 1-4    |  3-1    |  4-6      ]  7«      | 

OzTgsn 

I  1-18  I  0-78  I  0-46  I  0«  I  0-183  I  0-lffi  I    0O63  |    0<»l  I 

I  I-64|»«»|»8|4-16|s-48    |  ?-69    1 10-43    |  14-3     | 


p I  3«5  I  S-Ot  I  1-S7  I  095  I  0-7B*  I  0-64  I  (HO 

a I  1-5    |»0    |b«    |4«    |M>      1 6-8  t  7-0 

Nitrogou 

P I  2-8S  I  1-01  I  l-U  I  0«a  [  O^M*  [  0^  I  0-36 


The  results  for  hydrogen  and  nitrogen  an  plotted  in  Fig.  155, 
where  the  ordinates  represent  the  thickness  of  the  dark  space 
and  the  abscisste  the  reciprocak  of  the  pressure.  It  will  be  seen 
that  the  points  representing  the  experiments  at  the  higher  pres- 
sures lie  very  well  on  straight  lines,  while  at  lower  pressures  they 
no  longer  do  so.  The  pressures  when  the  curvature  becomes 
marked  are  close  to  the  pressures  called  by  Ebert  the  'critical 
pressure.'    He  found  that  as  the  pressure  diminished  the  potential 


Fie.  15B. 

difference  between  the  terminals  at  first  diminished  until  this 
critical  pressure  was  reached ;  when  the  pressure  was  stjll  further 
reduced  the  potential  difference  incrmuad  as  the  {oeesure  was 
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diminished.  The  critical  pressure  was  found  to  depend  upon  the 
size  of  the  vessel,  the  larger  the  vessel  the  lower  the  critical  pressure. 
The  critical  pressure  marks  the  stage  when  the  walls  of  the  vessel 
begin  to  restrict  the  formation  of  the  glow  and  to  complicate  the 
phenomena.  In  studying  the  laws  governing  the  formation  of  the 
dark  space  it  is  better  to  confine  ourselves  to  pressures  higher 
than  the  critical  pressure,  when  the  walls  of  the  tube  do  not 
exert  any  influence.  Confining  our  attention  to  such  pressures, 
I  am  inclined  to  interpret  Elbert's  experiments  somewhat  differ- 
ently from  Ebert  himself.  His  exx>eriments  show,  I  think,  that  d, 
the  thickness  of  the  dark  space,  may  be  expressed  in  the  form 


where  p  is  the  pressure,  and  a  and  b  are  constants,  If  A.  is  the 
mean  free  path  of  a  molecule  of  the  gas,  X,  is  proportional  to  1/p, 
and  the  preceding  equation  niay  be  written  in  the  form 

d=a  +  ff\ (1), 

[.or  the  dark  space  measured  from   a  distance  a  in   front  of  the 
ueathode  is  proportional  to  the  mean  fi^e  path  of  a  molecule  of  the 
If  we  plot  the  curve  in  which  the  ordinate  is  the  thickness 
I  the  dark  space  and  the  abscissa  the  mean  free  path  of  a  mole- 
ale  of  the  gas,  then  taking  X  for  nitrogen  at  atmospheric  pressure 
i  be  equal  to  98fi  x  10-°  cm.  and  for  hydrogen  to  1-85  x  lO"*  cm. 
B  Meyer,  Ktnetiscke  Theorie  der  Gaee),  we  find  that  the  curves  for 
Fiydrogen  and  nitrogen  are  almost  identical ;  this  indicates  that  in 
B  equation  (1)  the  constants  a  and  jS  are  the  same  for  the  two  gases. 
Vis.  that  if  instead  of  meaaiiring  the  dark  ajwice  from  the  cathode 
Jitself  we  measure  it  from  a  constant  distance  from  the  cathode 
fttbe  thickness  of  the  dark  space  bears  to  the  mean  free  path  of 
I  the  molecules  of  the  gas  a  ratio  which  is  the  ssune  for  these  gases. 
KThe  discharge  in  fact  behaves  as  if  the  negative  carriers  came 
from  a  region  a  little  in  front  of  the  cathode,  and  not  from  the 
cathode  itself.     H.  A.  Wilson's  ex[)eriracnts  on  the  current  density 
at  the  surface  of  the  cathode  suggest  the  same  view ;  the  value  of 
a,  the  constant  in  equation  (1)  as  given  by  the  curves  in  Fig.  155, 
I  about   4  mm.     The  thickness  of  the  layer  at  the  surface,  of 
|bich  Wilson  found  the  current  density  to  be  constant,  is  in  air 
6  mm. :   these  two  quantities  are  of   the  same  order,  and   we 
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cannot  claim  for  the  value  of  a  as  determined  by  the  dure  in 
Fig.  155  any  great  accuracy,  as  a  slight  error  in  the  observations 
might  produce  a  large  percentage  error  in  a;  for  this  reason 
I  think  it  possible  that  the  identity  of  the  values  of  a  foond  for 
hydrogen  and  nitrogen  may  be  partly  accidental,  and  more  experi- 
ments are  needed  before  it  can  be  considered  as  established  thai 
a  is  the  same  for  all  gases.  It  would  be  interesting  to  see  if  the 
thickness  of  the  velvety  glow  which  covers  the  snrfiu^  of  the 
cathode  is  equal  to  a.  When  the  negative  glow  covers  the  whole 
of  the  cathode  the  thickness  of  the  dark  space  depends  npon  the 
current  through  the  tube  as  well  as  the  pressure  of  the  gas,  hence 
in  order  to  get  the  simplest  relation  between  the  thickness  of  the 
dark  space  and  the  pressure,  the  current  through  the  tube  should 
be  small,  so  that  the  current  density  at  the  cathode  may  be 
constant.    Ebert's  experiments  were  made  with  large  currents. 

Connection  between  ihs  Ihickness  of  the  dark  space  and  the  free 

path  of  a  corpuscle. 

268.  The  mean  free  path  of  a  hydrogen  molecule  at  0"*  C. 
and  760  mm.  pressure  is  1*85  x  10""'  cm.  (Meyer,  Kinetische  Theoiie 
(lev  Gase).  The  mean  free  path  of  a  corpuscle  will  be  greater  than 
this,  first  because  the  corpuscle  is  smaller  than  the  molecule:  if 
for  the  sake  of  definiteness  we  take  the  view  that  the  collisions 
between  two  molecules  and  between  a  corpuscle  and  a  molecule 
are  analogous  to  those  between  two  elastic  spheres,  then,  neglect- 
ing the  radius  of  a  corpuscle  in  comparison  with  that  of  a  molecule, 
the  distance  between  the  centres  of  a  molecule  and  a  corpuscle 
when  in  collision  will  be  half  the  distance  between  the  centres  of 
two  molecules  when  in  collision.  Now  the  free  path  is  inversely 
proportional  to  the  square  of  the  distance  between  the  centres 
when  the  spheres  are  in  collision ;  thus  the  free  path  of  the 
corpuscle  will  be  four  times  that  of  the  molecule.  Again,  under 
the  electric  field  the  corpuscles  move  with  a  velocity  verj'^  great 
compared  with  the  average  velocity  of  translation  of  the  molecule*, 
80  that  the  latter  may  be  considered  to  be  at  rest.  Maxwell*  has 
shown  that  the  free  path  of  a  body  moving  through  a  collection 
of  molecules  at  rest  is  \/2  times  the  free  path  if  the  molecules 
were  moving  with  an  average  velocity  of  translation  equal  to  that 

*  Maxwell,  ColUcted  Papers ^  vol.  i.  p.  386. 
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of  the  moving  body ;  thus  the  mean  free  path  of  ft  corpuscle 
moving  through  hydrogen  at  0°  C.  and  760  ram.  pressure  will  be 
4^2x  r85  X  10~'  era, ;  the  free  path  at  a  pressure  of  1  mm.  will 
therefore  be  4  ^2  x  1-85  x  760  x  lO""  era,,  or  about  "8  of  a  raJlli- 
snetre.  The  thickness  of  the  dark  space  in  hydrogen  at  this 
sure  reckoned  from  a  distance  -4  mm,  from  the  cathode  is 
llbout  33 ram.,  or  roughly  four  times  the  mean  free  path  of  the 
toorpuscle ;  thus  the  thickness  of  the  dark  space  is  a  quantity  of 
■the  same  order  of  magnitude  as  the  free  patli  of  a  corpuscle 
toalculated  on  the  very  special  hypothesis  used  above. 

Schuster*  found  that  the  thickness  of  the  dark  apace  de- 
vended  to  some  extent  on  the  current  passing  through  the  gas, 
increasing  slightly  with  an  increase  in  current.  Wehneltf  on 
Hie  other  hand  found  that  the  dark  space  contracted  as  the 
iMirrent  increased ;  this  seems  to  indicate  that  the  dark  space  msy 
Itave  a  stationary  value  for  some  particular  current,  increasing  or 
ising  with  the  current,  according  as  the  current  is  on  one 
mde  or  the  other  of  this  particular  value.  The  increase  in  the 
thickness  of  the  dark  space  as  the  current  diminishes  is  shown  in 
I  very  striking  way  when  a  hot  lime  cathode  is  used.  Starting 
with  a  large  current  and  gradually  diminishing  it  the  dark  space 
(Day  be  seen  to  expand  to  several  times  its  original  thickness 
pefore  the  current  becomes  too  small  for  the  luminous  discharge  to 


59.  Disintegration  of  the  cathode.  When  the  discharge 
8  through  the  tub&portions  of  metal  shoot  out  normally  from 
be  cathode  and  form  a  thin  metallic  film  on  the  walls  of  the  tube 
r  any  body  in  the  neighbourhood  ofthe  cathode;  indeed  thin  metal- 
e  films  for  semi-transparent  mirrors  are  now  frequently  made  by 
lacing  a  piece  of  glass  in  a  vacuum  tube  near  a  cathode  made  of 
be  metal  it  is  wished  to  deposit  and  sending  a  current  through  the 
jibe.  The  amount  of  metal  shot  oET  from  the  cathode  depends  on 
de  pressure  of  the  gas  in  the  tube,  it  is  much  greater  at  low 
essures  than  at  high.  It  depends  also  on  the  nature  of  the  gas ; 
OS  there  is  very  little  disintegration  of  aluminium  electrodes  in 
■,  but  a  large  amount  in  the  monatomio  gases,  helium,  argon  and 

•  SchiisUr,  Pne.  Ray.  Soe.  ilvii  p.  556,  1890. 
+  Wehuoll,  PhyiilMtisdu  Zeil.  ii.  p.  518,  1901, 
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mercury  vapour.  It  depends  largely  on  the  nature  of  the  metal 
According  to  Crookes*  the  order  of  the  metak  in  descending  cxder 
of  disintegration  is  Pd,  Au,  Ag,  Fb»  Sn,  Pt,  Ca,  Cd,  Ni,  In,  Fe. 
Granqvistf  found  that  the  order  depended  on  the  preasuxe  of  the 
gas.  Thus  at  high  pressores  he  found  that  Pt  lost  more  than  An, 
at  low  pressures  less.  His  results  showing  the  oonneetiom  between 
disintegration  and  pressure  are  represented  by  the  carves  in 
Fig.  156,  where  the  ordinates  are  the  loss  of  weight  in  milli- 
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grammes  in  an  hour  for  electrodes  12  mm.  long,  4*8  mm.  broad, 
and  '06  mm.  thick  when  a  current  of  2*46  milliamp^res  passed 
through  the  tube,  and  the  abscissae  the  pressures.  Granqvist 
found  also  that  the  loss  in  weight  in  a  given  time  is  propor- 
tional to  the  square  of  the  current  when  the  pressure  is  constant. 
Crookes  found  that  if  the  cathode  consisted  of  the  alloy  of  gold 
and  aluminium  discovered  by  Roberts-Austen  the  gold  was  de- 
posited while  the  aluminium  was  not ;  thus  the  cx)mposition  of  the 
cathode  was  changed  by  the  discharge.     The  amount  of  metal 

•  Crookes,  Proc.  Roy.  Soe.  1.  p.  88,  1891. 

t  Granqvist,  OefverBigU  KgL  Veten$k.  Akad.  ForK  Sioekhclm,  1898,  p.  709. 
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volatilised  from  a.  cathode  is  veiy  much  greater  than  that  from 
tbeaame  wire  when  incandescent;  thus  Qranqvisb*  found  that  he 
got  aa  much  tiroin  a  cathode  in  a  few  minutes  aa  he  got  fi'oni  the 
same  wire  when  incandescent  and  without  charge,  or  when  used  as 
an  anode,  in  twelve  hours.  The  streams  of  metal  from  the  cathode 
are  deflected  by  a  magnet,  although  not  to  anything  like  the 
same  extent  as  the  cathode  rays. 

Holhorn  and  Austin  "f"  have  made  some  very  interesting  experi- 
ments on  the  amount  of  disintegration  of  cathodes  of  different 
metals  under  similar  electrical  conditions.  They  used  a  constant 
current  density  of  about  I  milliarapfere  per  square  centimetre  of 
cathode  surface ;  this  current  density  is  large  enough  to  make,  at 
the  pressures  they  employed,  the  cathode  potential  fall  depend 
upon  the  pressure,  so  that  by  altering  the  pressure  they  could 
obtain  hirge  variations  in  this  fall.  When  the  tube  was  filled 
with  air,  they  found  that  y,  the  loss  of  weight  in  30  minutes  from 
cinnilar  cathodes  1  cm.  in  diameter,  could  for  platinum,  silver 
^•(one  sample),  copper  and  nickel  be  represented  by  the  formula 


.'/  = 


r  silver   (another   sample),  bismuth,  palladium,  antimony  and 
lodium  the  relation  was 

(/  =  0-0018-  (7-495) (2). 

is  the  cathode  fall  of  potential  in  volts,  A  the  atomic  weight  of 

(ihe    metal,    and    n    its    valency :    other    metals    siich    as    iron, 

yuminium  and  magnesium  do  not  follow  either  of  these  laws, 

TOie    normal    cathode   fall    was    about    360    volts    so    that    the 

iisintegmtion  of  the  cathode  does  not  become  appreciable  until 

lie  cathode  ftill  considerably  exceeds  its  minimum  value.     For 

ihose  metals  which  follow  the  laws  (l)or  (2)  we  see  that  with  the 

me  current  and  cathode  fall  the  weight  of  cathode  disintegrated 

proportional  to  the  weight  of  those  metals   which   would   be 

sited  in  voltiimeters  placed  in  series  with  the  discharge  tube, 

B  weight  disintegrated  is  only  equal  to  the  amount  deposited  for 

particular  value  of  the  cathode  fall ;  in  Holbom  and  Austin's 

*  UnnqviHt,  A'gl.  Akad.  StDcthuIm,  Uv.  p,  59a.  ISDT. 

f  Holbatn  and  Anatin,  Whtenieliafl.  Abhaiul.  der  Phi/iik.  Tieh.  Ititehanilall. 
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experiments  this  valoe  was  about  1000  volts,  for  smaller  vain  of 
this  fall  the  amount  disintegrated  was  much  less  while  for  Ijer 
values  of  the  &I1  it  was  greater  than  the  amount  depositee^  this 
shows  that  the  current  through  the  tube  is  not  transmitter  fiom 
the  cathode  to  the  gas  entirely  by  the  metal  given  off  fom  the 
cathode,  and  indeed  there  is  no  evidence  that  the  disintejratioii  of 
the  cathode  plays  an  important  or  even  an  appreciable  part  in  the 
transmission  of  the  current. 

In  hydrogen  the  disintegration  is  less  than  in  air  and  Holboro 
and  Austin  were  unable  to  find  any  trace  of  a  law  similar  to  that 
expressed  by  equations  (1)  and  (2). 

The  case  of  hydrogen  is  an  interesting  one  because  there  is 
evidence  that  the  presence  of  this  gas  in  the  metal  used  for  the 
cathode  and  its  expulsion  when  the  dischaige  passes  has  great 
influence  upon  the  dischaige.  The  cathode,  especially  when  the 
pressure  is  not  so  low  that  the  current  density  is  small,  emits 
considerable  quantities  of  hydrogen.  This  question  has  been 
investigated  by  Skinner*;  in  his  experiments  the  dischaige  tube 
^vas  filled  with  helium  at  the  comparatively  high  pressure  of  3  mm. 
of  mercury,  the  current  density  was  not  great  enough  to  affect  the 
cathode  fall  which  was  normal.  The  helium  was  carefully  purified 
and  when  first  the  discharge  passed  through  the  tube  the 
spectnim  was  fi-ee  from  the  hydrogen  lines,  if  the  discharge 
continued  hydrogen  lines  soon  appeared  and  the  pressure  of  the 
tube  increased  owing  to  the  emission  of  hydrogen.  The  rate  iit 
which  the  hydrogen  was  evolved  was  measured,  and  it  was  found 
that  it  gradually  decreased  as  the  duration  of  the  discharge 
increased.  If  the  current  was  stopped  and  the  electrodes  given  a 
rest  for  a  day  or  so,  then,  even  though  the  cathode  had  not  been 
in  contact  with  hydrogen,  on  starting  the  current  the  initial  rate 
of  evolution  of  hydrogen  was  as  great  as  when  the  cathode  was 
first  used.  The  amount  of  hydrogen  that  can  be  got  out  of  a 
cathode  in  this  way  is  very  large,  thus  from  a  silver  electrode 
ISc.c.  in  volume  Skinner  obtained  about  2c.c.  of  hydrogen  at 
atmospheric  pressure,  without  any  indication  that  the  supply  was 
in  any  way  exhausted.  At  certain  stages  the  rate  at  which 
hydrogen  was  evolved  from  the  cathode  was  equal  to  the  rate  at 
which  it  was  liberated  from  a  voltameter  placed  in  series  with  the 

*  Skinner,  Phyit.  Review^  xxi.  p.  1, 1905. 
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Skinner  concludes  fi'om  this  that  the  hydrogen  carries  the 
fative  electricity  from  the  cathode  to  the  gas.  I  do  not  think  we 
pre  any  evidence  of  this  any  more  than  in  the  analogous  case  oC 
i  disintegration  of  metallic  cathode,  in  fact  the  evolution  of 
rogen  and  the  disintegration  of  metal  seem  to  be  quite 
:iimUigou9,  the  former  being  most  prominent  when  the  potential  foil 
ia  small,  the  latter  when  it  is  large. 

The  effect  of  hydrogen  on  the  discharge  is,  I  think,  closely 
^nlated  to  the  effect  produced  by  hydrogen  on  the  emission  of 
^Tiegative  corpuscles  from  hot  metals. 

H.  A.  Wilson  (see  p.  202)  haa  shown  that  the  presence  of 
hydrogen  in  a  hot  platinum  wire  enormously  increases  the  rate  at 
which  corpuscles  are  emitted  by  the  wire.  From  this  we  may 
conclude  that  it  ia  much  easier  to  get  corpuscles  from  a  cathode 
charged  with  hydrogen  than  from  one  from  which  the  hydrogen  is 
expelled.  The  cathode  fall  of  potential  depends  upon  the  energy 
which  a  positive  ion  must  communicate  to  the  cathode  in  order 
tri  make  it  emit  a  corpuacle,  thus  if  the  cathode  contains  hydrogen 
the  cathode  fell  will  be  less  than  it  would  be  if  the  gas  were 
removed.  The  hydrogen  charged  cathode  may  be  regarded  as 
made  up  of  two  substances,  one  the  metal  with  a  large  cathode  fall 
of  potential,  the  other  hydrogen  with  a  low  fall,  and  it  will  behave 
approximately  as  a  hydrogen  cathode,  the  hydrogen  furnishing  the 
corpuscles  necessary  for  the  maintenance  of  the  current,  the 
■  fafdrogen  atoms  being  ionised  by  collision  with  the  positive  ions 
^■triking  against  the  cathode,  and  getting  so  much  energy 
^%6mmuiiicnted  to  them  that  they  are  able  to  escape  from  the 
cathixie.  it  is  not  until  the  cathode  fall  gets  verj-  high  that  the 
metal  of  the  cathode  gets  ionised  and  disintegrated.  The 
evolution  of  hydrogen  with  low  cathode  fall  may  be  looked  upon 
as  the  disintegration  of  a  hydrogen  cathode,  when  the  civthode  fall 
gets  greater  we  get  superposed  on  this  the  disintegration  of  the 
metallic  part  of  the  cathotle.  It  would  be  interesting  to  make 
measurements  of  the  cathode  fall  of  potential  for  metals  free  from 
hydrogen,  the  difficulties  of  getting  nd  of  the  hydrogen  are  how- 
ever very  great.  I  described  (Phil.  Mag.  Oct.  1897),  some  time  ago, 
some  esperiments  which  indicated  that  the  absorption  of  gas  had 
a  great  effect  upon  the  cathode  fall.  The  origin  of  the  hydrogen 
^^uod  in  melals  has  not  yet  been  satisfactorily  explained,  and  the 
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amounts  of  it  present  are  often  surprisingly  large.  Skinner  foimd 
for  example  that  the  alloy  of  sodium  and  potassiam  even  wh^ 
distilled  in  a  vacuum  gave  off  hjrdrogen  at  a  constant  rate,  and  I 
have  observed  similar  effects  with  sodium,  these  metals  are  known  to 
absorb  hydrogen  but  their  affinity  for  it  must  be  greater  than  is 
ordinarily  supposed  for  them  to  acquire  such  latge  stores  with  SQch 
few  opportunities.  Skinner*  has  shown  that  with  carbon  electrodes 
nitrogen  is  given  off  by  the  cathode.  Cunningham  "f*  has  studied 
the  evolution  and  absorption  of  nitrogen  by  carbon  electrodes,  he 
found  that  nitrogen  fireshly  discharged  fit>m  carbon  transmitted 
the  electric  discharge  more  easily  than  ordinary  nitrogen. 

270.  Absorption  of  gas  produced  by  the  discharge.  When 
the  discharge  passes  through  a  tube  containing  gas  at  a  low 
pressure,  the  pressure  in  many  cases  continually  diminishes. 
This  effect  is  very  well  known  with  the  tubes  used  to  produce 
Rontgen  rays,  the  pressure  of  the  gas  in  these  tubes  diminishes 
with  the  use  of  the  tube  until  it  gets  so  low  that  the  discharge 
refuses  to  pass,  and  fresh  gas  has  to  be  frequently  introduced  ioto 
the  tube  either  through  hot  platinum  or  by  heating  the  walls  of 
the  tube  to  prevent  the  vacuum  getting  too  high.  The  amount  of 
gas  that  can  be  disposed  of  in  this  way  is  very  oonsidemble,  in 
one  case  I  measured  many  cubic  centimetres  of  gas  at  atmospheric 
pressure  were  absorbed  in  the  tube  without  any  indication  that  the 
rate  of  absorption  was  falling  off. 

The  absorption  of  gas  during  the  discharge  has  been  studied 
by  Willows,  Riecke  and  Skinner.  Willows'  experiments  suggest 
that  a  large  part  of  the  absorption  is  due  to  chemical  combination 
between  the  walls  of  the  tube  and  some  substance  produced  when 
the  discharge  passes  through  the  gas.  He  found  that  with  a 
constant  current  the  rate  at  which  the  gas  disappeared  depended 
upon  the  kind  of  glass  of  which  the  tube  was  made,  thus  with 
soft  soda  glass,  hydrogen,  air  and  nitrogen  were  absorbed  with 
equal  rapidity,  while  with  lead  glass  the  absorption  with  hydrogen 
was  so  small  that  it  was  overpowered  by  the  evolution  of  gas  from 
the  cathode,  with  air  and  nitrogen  on  the  other  hand  the  absorption 
was  only  about  ten  per  cent,  less  than  with  soda  glass.    On  heating 

♦  Skinner,  Phyt,  Review,  xxi.  p.  169,  1906. 

t  Cunningham,  Phil.  Mag.  [6],  ix.  p.  198,  1905. 
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the  tube  m  which  the  absorption  had  taken  place  a  little  gas  was 
given  off  from  the  glass  but  the  amount  recovered  in  this  way 

(was  only  a  small  fraction  of  that  absorbed.  .Silvering  the  inside 
!<tf  a  lead  glass  tube  produced  very  little  effi«:t  upon  the  rate  of 
absorption.  Absorption  takes  place  though  more  slowly  when  the 
electrodeless  discharge  is  used  so  that  it  can  not  wholly  be  due  to 
absorption  by  the  electrodes.  Nor  ia  it  due  to  the  escape  of  gas 
through  the  walla  of  the  tube,  for  I  have  foimd  that  when  fresh 
gEis  is  introduced  into  a  tube  and  absorbed  the  weight  of  the  tube 
lincreasea  by  the  weight  of  gas  so  introduced. 

The  amount  of  gas  absorbed  in  this  way  ia  only  a  small  fraction 
B'Of  that  which  would  be  liberated  in  a  voltameter  by  the  current 
»ing  through  the  discharge  tube. 

Mey  has  shown  that  the  liquid  alloy  of  Na  and  K  when  used  as 
L  cathode  absorbs  all  gases  except  argon,  helium  and  the  other 
lert  gases,  it  thus  affords  a  convenient  means  of  purifying  these 


The  Fai'oday  dark  apace  and  the  Positive  Column, 

271,     Measurements  of  the  electric  force  in  the  Faraday  dark 

s  were  Bret  made  by  Hittorf  •.     Grahamf  and  H.  A,  WilsonJ 

■-also  made  numerous  determinations  of  the  force  in  this  as  in  other 

parts  of  the  discharge,  while  Skinner§  has  recently  investig-ated  the 

influence  of  pressure  and  of  the  magnitude  of  the  current  on  the 

force  in  the  dark  space  and  on  its  length.    The  results  of  Skinner's 

experiments,  which   were   made   on  carefully   purified   nitrogen. 

.  and   with  disc   electrodes   of  considerable  area,  are  represented 

I  Fig.  157.     An  inspection  of  those  curves  shows  that  when 

■the  pressure  is  kept  constant  the  width  of  the  Faraday  dark  space 

the  current  increases.     (The  boundaries  of  the  dark 

Kniace  were  found  by  Skinner  to  be  at  the  points  corresponding  to 

'  e  intersection  of  the  straight  line  U  with  the  curves  giving  the 

sctric  force.;    The  current  drives,  as  it  were,  the  luminous  positive 

||umn  back  on  the  anode,  until  with  the  largest  current  used  the 

•  Hittorf,  \ritd.  Ami.  ii.  p.  705,  1888. 

t  Grnhani.  Wild.  Ann.  liW.  p.  40.  1898, 

I  a.  A.  ■Wilson.  Fhil.  Mag.  [5],  ilii.  p.  SO.i.  IBOO. 

S  Skinner.  VhU.  Jfojf.  (5],  I.  p.  503.  IIHW. 
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luminous  positive  column  was  reduced  to  a  patch  close  to  the 
anode.  With  the  same  current  the  width  of  the  dark  space  is 
greater  at  low  pressures  than  at  high. 


to 


U      If     4« 


Umimetm 
Rg.  157. 

Skinner  made  an  interesting  experiment  in  which  the  gas  in 
the  tube  was  shielded  from  any  disturbance  travelling  normally 
from  the  cathode.  The  cathode  was  a  disc  placed  with  its  plane  in 
the  axis  of  the  tube.  This  was  surrounded  by  a  piece  of  glaai 
tubing,  the  axis  of  the  tube  being  at  right  angles  to  the  disc; 
thus  any  di^sturbance  travelling  from  the  cathode  at  right  angles  is 
prevented  from  reaching  any  but  a  small  part  of  the  gas  between 
the  electrodes.  With  this  apparatus  it  was  found  that  the 
luminous  positive  column  occupied  nearly  the  whole  of  the 
space  up  to  the  cathode :  the  dark  space  was  very  small,  and 
increased  but  little  with  an  increase  in  the  current.  Skinner 
observt^l  that  (with  a  tube  of  the  normal  type  with  the  electrodes 
facing  «'ach  oth(T)  when  once  by  means  of  a  large  current 
the  luminous  positive  column  had  been  driven  back  on  the 
anode,  the  gas  took  a  considerable  time  before  it  recovered  the 
power  of  transmitting  a  luminous  discharge:  the  time  required 
for  the  recover}'^  depended  upon  the  time  the  large  current  had 
been  kept  flowing  through  the  tube.  Skinner  mentions  times 
of  one  or  two  hours  as  having  been  required  in  some  of  his 
experiments.  It  would  be  interesting  to  try  if  this  eflFect  occurred 
if  the  tube  were  immersed  in  liquid  air  which  might  be  expected 
to  condense  complex  gases  formed  by  the  discharge. 

Since  with  the  exception  of  the  cathode  dark  space  the  only 
dark  part  of  the  discharge  is  that  where  the  curve  representing 
the  electric  force  is  below  the  line  U  (Fig.  157),  it  follows  from 
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Skinner's  experiment  that  there  is  luminosity  at  all  parts  of 
the  tube  (with  the  exception  of  the  cathode  dark  space),  when 
the  electric  force  exceeds  a  certain  value  depending  on  the 
pressure. 

The  Positive   Column. 

272.  The  potential  gradient  along  a  uniform  unstriated 
positive  column  is  uniform;  its  value  has  been  investigated 
by  Hittorf*,  A.  Herzf,  Graham^,  Wilson§,  Skinner||,  HeuselT, 
Matthies**,  and  in  air  at  atmospheric  pressure  by  Kaufinann-f^, 
Stark  JJ,  Stuchtey^.  The  potential  gradient  in  the  positive  column 
depends  (1)  upon  the  diameter  of  the  discharge  tube,  (2)  upon 
the  pressure  and  nature  of  the  gas  through  which  the  discharge 
is  passing,  and  (3)  upon  the  current  passing  through  the  gas. 

The  potential  gradient  diminishes  as  the  diameter  of  the  dis- 
charge tube  increases,  as  the  following  table  (p.  556)  given  by  Herz 
(loc.  cit)  shows.  The  influence  of  the  size  of  the  tube  is  not 
confined  to  tubes  which  are  so  narrow  that  there  diameter  is 
comparable  with  the  mean  free  path  of  the  molecules  and  cor- 
puscles in  the  tube,  but  extends  to  the  cases  when  the  diameter 
of  the  tube  is  hundreds  of  times  the  mean  free  path.  The  results 
in  the  table  relate  to  pure  nitrogen ;  v  is  the  potential  gradient  in 
volts  per  centimetre,  2R  the  diameter  of  the  tube  (the  current 
passing  through  the  tube  was  in  all  cases  1*2  milliamperes),  j9  is 
the  pressure  of  the  gas  expressed  in  millimetres  of  mercury,  and  6 
the  constant  occurring  in  the  equation 

V  — t;o  =  — 6  (i  — *o), 
which  according  to   Herz  represents  the  relation  between   the 

♦  Hittorf,  Wied,  Arm.  xx.  p.  726,  1883. 

t  Herz,  Wied.  Ann.  liv.  p.  244,  1S95. 

X  Graham,  Wied.  Ann.  Ixiv.  p.  49,  1898. 

§  Wilson,  Phil.  Mag.  [6],  xlix.  p.  506,  1900 ;  Proc.  Cam.  Phil.  Soc.  xi.  pp.  249, 
891,  1902. 

II  Skinner,  Phil.  Mag.  [6],  xi.  p.  616,  1901. 

IF  Hease,  Ann.  der  Phy$.  ▼.  p.  678,  1901. 

**  Matthies,  Awn.  dtf  Phya.  x?ii.  p.  675,  1905 ;  xvui.  p.  478, 1905. 
ft  Kaofmann,  Phys,  Zeit.  iv.  p.  578, 1908. 
tt  Stark,  Phys.  Zeit.  iv.  p.  585, 1908. 
§§  Stachtey,  Inaug.  Bistt,  Bonn,  1901. 
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gradients  v  and  Vo  coiresponding  to  the  currents  t  and  ^ ;  in  this 
equation  i  and  t'o  &]^  expressed  in  milliamp^res. 


p 

V 

2K-10min. 

ILRslSmm. 

SR-201IIIIL 

aiZstfmm. 

8-0 

•  •  • 

166-8 

•  «• 

•••          1 

7-5 

■  ■  • 

148-4 

•  •  • 

7*0 

144-4 

1401 

•  ■  • 

6-5 

139-2 

131-9 

•  •• 

60 

132-6 

123-8 

•  •  • 

5-5 

126-1 

116-8 

•  •  ■ 

5-0 

118-2 

107-8 

•  «  • 

46 

109-4 

99-9 

97-7 

4-0 

99-7 

92-2 

89-3 

3-6 

89-2 

84-6 

80-6 

3-0 

77-7 

76-1 

71-2 

2-6 

•  •  ■ 

66-2 

61-6 

60-2 

2-0 

•  ■  ■ 

66-4 

61-4 

48-7 

1-6 

•  •  • 

43-6 

40-8 

37-6 

lO 

•  •  • 

•  ■  • 

29-8 

26-9 

b 

10-0 

8-5 

3-5 

3-4 

The  potential  gradient  in  the  positive  column  increases  with 
the  pressure;  the  results  of  Herz's  experiments  are  represented 
by  the  curves  in  Fig.  158,  in  which  the  ordinates  represent  the 
potential  gradient  and  the  abscissae  the  pressure,  the  dotted  curve 
relates  to  experiments  with  hydrogen,  the  others  to  experiments 
with  nitrogen  in  tubes  of  diflferent  dimensions,  the  curves  seem 
very  approximately  linear.  H.  A.  Wilson*  concluded  from  his 
experiments  that  the  potential  gradient  in  the  positive  column 
was  proportional  to  the  square  root  of  the  pressure ;  the  linear 
relation  v  =  a  +  bp,  where  v  is  the  potential  gradient,  p  the  pressure 
and  a  and  b  constants,  represents  the  results  of  his  experiments 
almost  equally  well. 

Herz  showed  that  under  similar  conditions  as  to  pressure  and 
current  the  potential  gradient  in  nitrogen  was  1*4  times  that  in 
hydrogen.  He  found  that  a  trace  of  aqueous  vapour  had  no 
effect  upon  the  gradient  in  the  positive  column,  but  that  the 


H.  A.  Wilson,  Proe.  Camb.  Phil,  Soe,  xl  pp.  249,  891, 1902. 
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presence  of  a  small  quantity  of  oxygen  in  the  nitrogen  increased 
the  potential  gradient. 
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Fig.  15B. 

The  magnitude  of  the  potential  gradient  in  the  positive 
column  in  different  gases  is  given  in  the  following  tables,  the  first 
of  which  is  due  to  Matthies*  and  the  second  to  Heusef. 

Table  I.    (Matthies.) 

Current  through  tube  '25  milliampiireB.     Dituneter  of  tube  3'5  cm. 


Po[«ntiBl  gradieD 

in  YoltB 

per  centimetre 

Presiure  io 
mm.ofHB 

cu 

HgCl, 

Br, 

HgBr, 

I, 

Hgl, 

N. 

0-1 

35 

38 

73 

29 

0-4 

40 

66 

45 

139 

50 

53 

17 

0-9 

72 

127 

98 

227 

64 

114 

32 

1-4 

120 

150 

145 

259-5 

75 

147 

43 

1-9 

139 

202 

170 

110 

165 

54 

23B 

176 

222 

195 

142 

188 

6S 

30 

SOO 

263 

221 

— 

200 

251 

77 

■  Ufttthlei,  JfiR.  dcr  PAy«.  iviii.  p.  478,  190S. 
t  Hraa^  JtM.  Str  Fh^$.  v.  p.  67B,  1901. 
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Table  II.    (Heuse.) 

Current  through  tube  0*52  milliampteeB. 


Meitnuy 

Heliiim 

HeUnm 

Nitrogv 

Pressure 

18-1 
24  mm. 
16-9 

12-5 

25 

84 

8 
25 
22-7 

8-87 
15 
112 

80 
15 
156-8 

Diameter  of  tube 
Potential  gradient 

The  gradients  in  the  monatomic  gases  mercury  vapour  and 
helium  are  very  small  compared  with  those  in  hydrogen  and 
nitrogen.  Bouty's  experiments  indicate  that  the  gradient  is 
small  also  in  argon,  the  case  with  which  tubes  filled  with  necm 
become  luminous  makes  it  probable  that  in  this  gas  the  potential 
gradient  is  less  even  than  in  helium. 

Relatioti  between  the  potential  gradient  and  ths  current 

273.  From  the  relation  v  —  v©  =  —  6  (i  —  io)  given  by  Herz  it 
would  follow  that  the  potential  gradient  in  the  positive  column 
continually  incrojises  as  the  current  diminishes.  H.  A.  Wilson  has 
however  shown  recently  that  the  potential  gradient  attains  a 
maximum  value  for  a  certain  value  of  the  current  and  that  when 
the  current  falls  below  this  value  the  potential  gradient  rapidly 
diminishes.  Matthies  in  his  study  of  the  discharge  through  the 
halogens  also  found  cases  in  which  the  potential  gradient  increased 
with  the  current. 

When  the  jx)sitive  column  is  striated  the  variations  in  the 
luminosity  are  accompanied  by  variations  in  the  electric  intensity, 
the  places  of  maximum  luminosity  are  places  of  maximum  poten- 
tial gradient ;  this  is  clearly  shown  by  the  curve  in  Fig.  149,  which 
is  one  given  by  Wilson  for  the  striated  discharge  in  hydrogen. 

Anode  drop  in  potential, 

274.  Skinner*  has  shown  that  there  is  a  finite  difference 
in  potential  between  the  anode  itself  and  a  point  in  the  gas 
close  to  the  anode.    The  magnitude  of  this  drop  in  potential 

•vestigated  by  him  for  the  discharge  through  pure  nitrogen, 

tinner,  Fted.  Aim.  VwVu.  i&-  U%,  \«l^  \  ^VML  Ua«.^V  ^rtit  p.  887. 
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hydrogen,  and  oxygen;  he  found  that  it  was  independent  of 
the  current  density,  in  hydrogen  and  oxygen  it  was  independent 
of  the  pi'essure,  in  nitrogen  it  seemed  to  increase  slightly  with 
the  pressure,  it  is  possible  however  that  this  increase  is  due 
U.1  secondary  etfects.  The  anode  fall  depends  to  a  small  extent"] 
upon  the  metAl  of  which  the  anode  is  made,  being  greatest  for  * 
aluminium  and  magnesium,  for  which  the  cathode  fall  of  potential  I 
is  least;  the  value  of  the  anode  drop  in  different  gases  and  for 
different  metals  are  given  in  the  tables  on  page  -160  along  with 
Skinner's  determination  of  the  cathode  potential  falL  It  will  be 
observed  that  the  anode  drop  is  much  smaller  than  the  cathode 
one,  it  is  also  much  more  abrupt ;  there  does  not  seem  any  region 
comparable  in  dimensions  with  the  cathode  dark  space  in  which 
the  drop  of  potential  occurs;  in  none  of  the  experiments  hitherto 
made  has  it  been  found  possible  to  get  so  close  to  the  anode  that 
the  potential  of  the  exploring  wire  differed  by  less  than  the  anode 
fall  of  ptjtcntial  from  the  potential  of  the  anode. 

The  differencea  between  the  anode  fall  for  different  metals  is 
exceedingly  small,  hardly  more  than  the  contact  difference  of 
pott^ntial  between  various  metals.  Id  chlorine,  bromine,  iodine 
and    the    vapours   uf  HgCl,,  HgBr,,   Hglj,  the   anode    fall   has 

Eirding  to  Matthies  very  large  values. 
There  is  frequently  a  region  in  which  the  electric  intensity  is 
r  small  just  in  front  of  the  anode ;  in  some  of  the  experiments 
made  by  H.  A.  Wilson,  the  electric  intensity  was  apparently 
negative ;  we  must  remember  that  the  introduction  of  the  ex- 
ploring wire  disturbs  the  field,  and  if  there  are  only  ions  of  one 
sign  present  does  not  measure  the  potential,  and  that  this  reversal 
of  the  electric  intensity  may  be  due  to  this  cause. 

■  *Vwm6er  of  ioiis  at  various  pointa  along  the  discharge. 
276.  H,  A.  Wilson"  has  made  a  series  of  investigations  on 
this  point;  his  method  was  to  determine  the  current  flowing 
between  two  small  parallel  platinum  plates,  the  planes  of  the 
plates  being  parallel  to  the  current  flowing  through  the  tube, 
kBDUtll  potential  difference  (that  due  to  one  Clark's  cell)  was 
l^tainud  between  the  plates,  previous  experiments  having  shown 

•  H.  A.  Wilson,  I'hil.  Mu-j.  [5],  x!ii.  ]>.  508,  WOa. 


Vf^\ 


U«^^MAI^)IC  THHOUQU    QAHEm   AT  DCm 


St 


>»f 


I 


N»     >^    -. 


5^ 


:^^^ 


x^  V  't"^ 


Ji 


>     4.> 


V 
Hi 


i 


^  ^ 

^•i 


JS 


ti    S 


^ 


S 

S 


^^     ? 


* 

* 

^          ; 

{ 

1 

:     i 

1 

» 

is 

o 

3, 
1 


,T- 

»- 

•3- 

4^ 

^1^ 

■mm. 

^ 

91 

-w 

^ 

»s 

S 

c 

f- 

« 

9 

,^ 

■c 

^ 

C 

t: 

^ 

n 

• 

ot 

*  • 

«. 

1 

^ 

9* 

1; 

1 

S      ' 

X 

— 

^     1 

n 

•  « 

1 

CO 


:« 


d 


a 


i"^ 

s 


s 

04 


«•      i 


S 


L 


s 


I    g 

I  r 


CO       cc 
9«      c: 


1 

1 

CO 


CO 


04         09 


^        S        04 

01      •!«      fl« 


275-276]    DISCHARGE  TUROUOH  OASES   AT  LOW   PRESSURES.      561 

that  with  potential  differences  of  this  order  the  current  was 
proportional  to  the  potential  difference,  and  therefore  that  the 
presence  of  a  field  of  this  intensity  did  not  appreciably  reduce  the 
number  of  free  ions.  Under  these  circumstances  if  ni>  %  are 
the  numbers  of  positive  and  negative  ions  respectively,  k,,  A, 
the  velocities  of  these  ions  under  unit  electric  force,  the  current 
between  the  plates  is  proportional  to  A^n,  +  k^f  The  results  of 
Wilson's  experiments  are  represented  iu  Fig.  159.     It   will   be 
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noticed  that  the  current  is  very  small  in  the  cathode  dark  space, 
rises  to  its  maximum  value  in  the  negative  glow,  sinks  again  in 
the  Faraday  dark  space  and  increases  in  the  positive  column, 
while  in  the  striated  discharge  the  current  is  a  maximum  in  the 
luminous  parts  of  a  striation,  a  minimum  in  the  dark  ones. 

276.  It  is  interesting  to  compare  the  distribution  of  the 
electric  intensity  along  the  tube  with  these  transverse  currents.  If 
X  is  the  force  along  the  tube,  t  the  current  through  unit  area, 
and  if  the  velocity  of  the  ions  is  proportional  to  the  electric  force 
at  the  point,  then  we  have 

X  (A^iii  +  A,n,)  =  i ; 
as  t  ie  constant  along  the  tube,  itin,  +  A^n,  should  be  inversely 
proportional  to  X ;  as  kin,  +  j^n*  is  proportional  to  the  transverse 
current,  we  should  expect  the  maxima  for  the  transverse  current 
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to  coincide  with  the  minima  for  X.  An  inspection  of  the  curves 
will  show  that  this  is  not  the  case ;  thus  the  electric  intensity  in  th? 
Faraday  dark  space  is  less  than  in  the  positive  column ;  the  trans- 
verse current  is  also  less,  instead  of  being  greater  aa  indicated 
by  the  preceding  reasoning.  Again,  both  the  electric  intensity 
and  the  transverse  current  are  greater  at  the  bright  parte  of  ft 
striation  than  at  the  dark ;  in  fact,  luminosity  seems  to  be  accom- 
panied by  abnormally  great  transverse  currenta  ;  it  was  this  that 
led  H.  A.  Wilson  to  suggest  that  the  transverse  current  in  the 
luminous  parts  was  increased  by  secondary  ionisation  due  to 
the  illumination  of  the  testing  electrodes  by  the  luminosity  of  the 
discharge.  Skinner  has  suggested  as  another  explanation  for  the 
discrepancy  between  the  valnee  of  X  and  the  tranavOTae  oom&t 
that  the  velocity  of  the  ions  may  not  be  pn^wctiooftl  to  ibe 
electric  force ;  that,  for  example,  thou{^  the  dectoic  lone  in 
the  Faraday  dark  epeoe  is  veiy  small  the  ions  there  m^  le 
moving  with  high  velodtdes  which  they  ooquired  in  moving 
through  the  strong  electric  field  in  the  cathode  dai^  space ;  thtn 
the  number  of  free  ions  necessary  to  carry  the  current  may  be 
very  considerably  less  than  that  calculated  from  the  asuumptioo 
that  the  velocity  was  that  due  to  the  electric  force  in  the  Faiada; 
dark  space.  If  this  were  the  explanation  of  the  distribution  of 
the  transverse  force,  then  the  velocity  of  the  ions  in  the  Faradav 
dark  space  ought  to  be  greater  than  in  the  uniform  positive 
column.  Now  we  can  get  information  about  the  distribution  of 
the  velocity  of  the  ions  at  different  parts  of  the  tube  by  measur- 
ing the  '  Hall  effect.'  H.  A.  Wilson*  has  shown  that  when  a 
magnetic  force  acts  at  right  angles  to  the  current  passing  through 
a  vacuum  tube,  then  a  difference  of  potential  proportional  to  the 
magnetic  force  is  established  between  two  electrodes,  placed  so 
that  the  line  joining  them  is  at  right  angles  both  to  the  current 
and  to  the  magnetic  force.  The  theory  of  this  effect,  called  the 
'Hall  effect,'  has  been  given  in  Art.  127;  we  showed  that  when 
equal  quantities  of  positive  and  negative  ions  are  present,  then  if 
Z  be  the  difference  of  potential  between  two  electrodes  1  cm- 
apart  due  to  a  magnetic  force  H,  then 
Z 


H 


-hin-v). 


[.  A.  Wilson,  Proc.  Camb.  Phil.  Sot.  li.  pp.  319,  891, 1009. 
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where  u  and  v  are  respectively  the  velocities  of  the  negative  and 
positive  ions.  Thua  a  series  of  measurements  of  Z  along  the 
tube  will  enable  us  to  deduce  the  distribution  of  velocities; 
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such  measurements  have  been  made  by  H.  A.  Wilson,  and  his 
results  are  represented  in  the  curves  given  in  Figs.  160  and  161. 

It  will  be  seen  that  the  curves  are  similar  in  character  to 
those  giving  the  distribution  of  electric  force;  thus  the  value 
of  Z  in  the  Faraday  dark  space  is  less  than  in  the  positive  column, 
and  in  a  striated  discharge  Z,  like  X,  is  a  maximum  at  the  bright 
parts  of  the  atriation,  a  minimum  at  the  dark.  These  results 
seem  to  indicate  that  though  a  certain  amount  of  lag  between  the 
values  of  X  and  the  velocity  of  the  ions  is  probable,  especially 
at  low  pressures,  it  is  not  sufficiently  large  to  explain  the  dis- 
crepancies between  the  curves  for  X  and  those  for  the  trans- 
verse currents ;  it  must  be  remembered  however  that  the  interpre- 
tation of  the  Hall  effect  in  cases  where  the  electric  field  is  not 
nniibrm  is  diffioalt  and  often  ombignona  (see  p.  247). 

-id—'? 
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On  Wilson's  hypothesiB  that  there  is  an  additLonal  ioaiMtkn 
due  to  the  incidence  of  the  light  from  the  dischaige  on  the  metal 
of  the  electrodes,  the  corrent  between  electrodefl  made  of  win- 
gauze  might  be  expected  to  be  len  than  that  between  solid 
electrodes,  as  the  area  of  metal  exposed  to  the  light  is  so  much 
less  in  the  first  case  than  in  the  second 
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The  stnated  discharge, 

277.  This  form  of  discharge,  examples  of  which  are  repre- 
sented in  Fig.  145,  taken  from  papers  by  De  la  Hue  and  MflUer*, 
has  from  its  very  striking  and  beautiful  character  attracted  a  gi«t 
deal  of  attention.  It  only  occurs,  or  at  any  rate  is  only  k^U 
developed,  when  the  pressure  of  the  gas  and  the  current  throagli 

*  De  U  Bae  ud  Huller,  Phil.  Tnau.  187B,  pt  E.  p.  ISS. 
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the  tube  are  vithin  ceruin  limits;  it  does  Dot  however  depend 
upon  the  means  nsed  to  produce  the  discharge ;  thus  we  get 
HtriationB  in  discharges  produced  by  induction  coils,  electric 
teachines,  or  large  batteries  of  storage  or  voltaic  cells. 

The  striationa  are  especially  well  developed  in  mixed  gases, 
especially  those  which  contain  organic  vapours,  such  as  turpontine. 
■Indeed  some  physicists  consider  they  would  not  occur  in  perfectly 
pnro  gases* ;  it  is  however  certain  that  they  occur  in  gases  which 
bave  been  purified  with  the  greatest  care:  according  to  Morten 
they  do  not  occur  in  oxygen.  Crookesf  observed  in  a  tube  con- 
taining hj-drogen  three  sets  of  striations,  one  set  red,  another 
blue,  and  the  third  grey ;  by  spectroscopic  examination  he  showed 
'  that  the  luminosity  in  the  first  set  was  due  to  hydrogen,  that  in 
the  second  to  mercury  vapour,  and  that  in  the  third  to  hydro- 
carbons. It  will  be  noticed  from  Fig.  145  that  in  some  cases  the 
seem  to  occur  in  sets  of  two  or  three  individual  strife 
flituated  quite  close  together.  It  will  be  seen  that  the  luminous 
jnrts  of  the  striie  are  curved ;  the  concavities  being  turned  to- 
wards the  positive  electrode.  When  the  tube  is  not  of  uniform 
'Width  the  striations  are  nearer  together  in  the  narrower  than  in 
the  broad  parts  of  the  tube. 

278.  Investigations  on  the  conditions  determining  the  distance 
between  successive  striations  have  been  made  by  GoldsteinJ,  and 
by  R.  S.  Willows§.  Goldstein  came  to  the  conclusion  that  if  d 
and  df^  were  the  distances  between  the  striations  at  the  pressures 
:p  andp(u  ^^^ 

d,     \pj    ' 

where  m  is  s  quantity  leas  than  unity  (compare  Art,  266),  The 
distance  between  the  striations  increases  as  the  presstire  diminishes, 
but  the  percentage  change  in  the  distance  is  not  so  great  as  that 
the  pressure. 

Willows  found  that  in  nitrogen  the  distance  between  the  striae 
ireases  with  the  current.  Beginning  with  the  smallest  current 
Me  of  maintaining  the  discharge  the  distance  at  first  increases 

•  E.  C.  Baly,  Phil.  Mag.  nxv.  p.  SOO,  I9il3. 
+  Sir  W.  CiookBB,  iVon.  Jtoy.  Foe.  liii.  p.  399,  J909, 

♦  OoUntein,  Wied.  JnH.  «v.  p.  277,  IB83, 
%  WaiowB,  Proe.  Curat.  Phil.  Soe.  i.  p.  303,  19O0. 
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very  rapidly  with  the  current.  The  rate  of  increase  falls  off  how- 
ever as  the  current  increases ;  the  connection  between  the  current 
and  the  distance  between  the  striae  in  nitrogen  is  represented  by 
the  curve  in  Fig.  162. 
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In  hydrogen  the  distance  between  the  strite  at  fitst  increaaefi 
with  the  current;   it  then  attains  a  maximum,  and   then  any 
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ffiirther  increase  in  the  current  piodiices  a  diminution  in  the 
distance  between  the  strise — the  lower  the  pressure  the  smaller 
the  current  for  which  the  distance  between  the  strim  is  n  maximum. 
At  very  low  pressures  this  current  may  be  very  little  larger  than 
the  smallest  current  consistent  with  a  continuous  discharge,  ho 
that  at  these  pressures  the  phase  where  an  increase  in  current 
causes  the  stnjs  to  separate  may  be  almost  effaced.  The  relation 
between  the  current  and  the  distance  between  the  atriae  for 
hydrogen  at  two  different  pressures  in  a  tube  12  mm.  in  diameter 
is  shown  in  Fig.  163.  The  terminals  for  curves  -4  and  B  were 
aluminium  wires,  for  G  they  were  aluminium  discs. 

I  By  comparing  these  results  with  those  for  the  thickness  of  the 
cathode  dark  space  we  see  that  under  similar  conditioas  as  to 
pressure  and  current  the  distance  between  the  striie  is  considerably 
greater  than  the  thickness  of  the  dark  apace. 


Injim'ice  of  the  size  of  the  discharge  (Mfce. 


^V  279.  The  wider  the  tube  the  greater  the  distance  between 
^Ptbe  striffi.  According  to  Willows  (l.c.)  this  distance  is  never 
Ml  greater  than  the  diameter  of  the  tube.  When  the  striie  reach 
"■  to  the  sides  of  the  tube  Goldstein  showed  that  the  ratio  of  the 
distances  between  the  striie  for  two  given  pressures  is  independent 
of  the  diameter  of  the  tube.  Another  way  of  stating  Goldstein's 
I  law  is  that  the  constant  m  which  occurs  in  the  equation 

a  Art.  278)  is  independent  of  tho  size  of  the  tube. 


Influence  of  the  nature  of  the  gas. 

280.     According  to  Willows  the  distances  between  the  etnie 

1  different  gases  under  the  aaine  conditions  as  to  pressure  and 

rent  are  not  very  different.     At  pressures  between  1  mm.  and 

'  are  somewhat  further  apart  in  hydrogen  than  in  air  or 

itrogen.     The  rate  of  alteration  of  the  distance  with  the  pressure 

however  greater  in  the  denser  gases  than  in  hydrogen.     The 

inge  of  pressure  over  which  striations  can  be  obtained  is  much 

r  in  hydrogen  than  in  air. 
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281.  The  striae  are  most  readily  developed  at  the  negatife 
end  of  the  positive  column.  Thus  if  the  pressuie  be  gndoallj 
reduced  to  that  at  which  striation  oocars»  the  first  ^ppeannoe  of 
striation  is  the  formation  of  a  single  stria  at  the  end  of  the 
positive  column.  Successive  striations  are  then  fimned  untQ 
the  whole  of  the  positive  column  is  striated.  The  stria  at  the 
negative  end  of  the  positive  column  always  retains  some  indi- 
viduality; thus  its  distance  from  its  next  neighbour  is  greater 
than  the  average  distance ;  it  is  also  often  blighter  than  the  other 
striae. 


Effect  of  a  sudden  coniraetion  m  the  diaokarge  tube, 

282.    Goldstein*  found  that  in  a  tube  with  a  ooostrictum,  such 
as  that  in  Fig.  164,  the  end  of  the  constriction  next  the  anode 


-^ 
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Fig.  164. 

behaved  like  a  cathode,  %.e.  that  there  was  a  dark  space,  negative 
glow,  and  Faraday  dark  space  close  to  a;  and  that  these  were 
affected  by  a  magnetic  field  in  just  the  same  way  as  if  they  had 
been  produced  by  a  metallic  cathode.  Lehmannf  made  a  series  of 
experiments  with  perforated  diaphragms  stretching  across  the 
discharge  tube.  He  found  on  the  side  of  the  diaphragm  next  the 
anode  the  negative  glow  and  the  Faraday  dark  space ;  the  cathode 
dark  space  was  however  absent.  In  the  experiment  represented 
in  Fig,  165  the  diaphragm  was  a  porcelain  sieve.    He  made  other 
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Fig.  166. 

experiments  with  tubes  having  several  perforated  metallic  dia- 
phragms stretching  across  them.  These  diaphragms  were  connected 
with  wires  fused  through  the  tube  so  that  they  could  be  connected 
up  in  various  ways.    If  the  diaphragms  were  all  insulated  the 


*  Goldstein,  Wied.  Ann.  zL  p.  S8d,  18S0. 
t  Lehmann,  Ann.  der  Phy$,  Tii  p.  1, 190S. 
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appeArance  of  the  discharge  was  as  represented  in  Fig.  165.  On 
the  anode  side  of  each  diaphragm  there  was  the  negative  glow  and 
the  Faraday  dark  space,  hut  no  cathode  dart  space.  If  however 
twii  of  the  diaphragms  were  connected  together  by  a  metallic  wire 
outside  the  tube,  as  Fig.  166.  there  was  negative  Hght  but  no  dark 


■<A^         k        ~i'^  'f  ~^<^^ 


on  the  right  of  the  diaphragms  a  and  c ;  there  was  however 

ll-defintd  dark  spacf^  on  the  right  of  6.     In  this  case  some  of 

the  current  instead  of  passing  through  the  tube  might  pass  through 

the  wire  outside,  and  at  b  wuutd  have,  as  at  the  cathode  k.  to  pass 

the  metal   to  the  gas.     At  the  other  diaphragms  we  may 

ppose  the  current  went  through  the  holes  in  the  diaphragm. 

■WW.     Alternations  in  the  luminosity  of  the  discharge,  similar 
appearance  to  those  observed  in  the  striated  positive  column  at 


Fig.  1117, 


H  pressures,  ot^cur  in  certiiin  cases  in  the  discharge  through  gas 
[  atmospha-ic  pressure.  Thus  Topler*  found  that  if  several 
•  Tapltr,  IVied.  Ana.  liiii.  p.  109.  1907. 
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large  Leyden  jai-s  were  discharged  across  a  spai-k  gap.  a  [>lai 
semi 'insulating  material  such  as  basalt  being  insert«l  bi-iiM 
the  terminals,  the  portion  of  the  discharge  between  the  negj 
electrode  and  the  plate  showed  distinct  striations.  Fig.  ISa 
copied  from  a  figure  given  by  TOpler.  The  discharge  of  au  | 
duction  coil  through  the  flame  of  a  candle  gives  a  bright  diachai 
traversed  by  dark  spaces  as  in  Fig.  1 08. 


DisttibiUion  (if  tumjieratuye  ulouy  the  line  of  discharpe. 

284.  The  average  teiopemture  of  the  gas  in  a  discharge  ti 
through  which  a  luminous  discharge  is  passing  is  often  less  l 
100"  C.  Thus  E.  Wiedemann*  proved  that  the  average  tempa 
ture  of  air  at  a  prosgure  of  3  mm.  in  a  tube  conveying  a  liimini 
discharge  was  leas  than  100°  C,  Hittorf+  measured  this  t^mp; 
ture  in  a  discharge  tube  at  three  places,  (1)  in  the  pi^iliw  ciAia 
(2)  in  the  negative  gluw  and  (8)  in  the  CrookoH  dark  s 

•  E,  Wicdctmnii,  Wied.  Ann.  *i.  p.  898.  IOT9. 
t  Hittorr,  WUil.  Jnn.  ixi  p.  124,  IBM. 
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I  found  that  it  was  highest  in  (3)  and  lowest  in  (1).  E.  Wiede- 
mann* showed  that  the  distribution  of  temperature  along  the 

'  tube  dopendtfd  materially  upon  the  pressure,  and  that  while  at 
low  pressures  the  temperature  of  the  cathode  was  higher  than 
that  of  the  anode,  the  reverse  was  tnie  at  pressures  greater 
than  26  ram.  Woodf  made  a  verj'  complete  survey  of  the  tem- 
perature in  a  discharge  tiibe  by  means  of  a  bolometer,  which, 
floating  on  a  barometer  column  of  mercury,  could  be  placed  in 
any  position  in  the  tube.  He  found  that  in  the  unstriatod  dis- 
charge the  temperature  is  constant  in  the  positive  column, 
diminishes  in  the  Faraday  dark  sjiace  until  it  reaches  a  minimum 
just  on  the  anode  side  of  the  negative  glow,  and  then  rapidly 
increases  in  the  dark  space  next  the  cathode.  In  the  striated 
discharge  the  temperature  is  greater  in  the  luminous  parts  than 
in  the  dark.  In  no  case  did  the  bolometer  indicate  a  temperature 
of  more  than  100°  C,  The  bolometer  temperature  is  of  course 
the  average  temperature  of  all  the  molecules  in  a  considerable 
space,  and  the  fact  that  the  average  temperature  is  low  does 
not  preclude  a  few  of  the  molecules  possessing  an  amount  of 
kinetic  energy  very  much  greater  than  that  corresponding  to  the 
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Fig.  169. 

temperature  indicated  by  the  bolometer.  The  distribution  of  tem- 
lerature  along  the  tube  in  a  striated  and  an  unstriated  discharge 
I  indicated  by  the  curves  in  Fig.  169.  It  will  be  seen  on  com- 
^  &!>  VMdMuMui,  fCtHt.  Jim.  «.  p.  303,  leeo. 
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paring  these  with  the  curves  given  for  the  distribution  of  electric 
force  along  the  tube  that  the  two  curves  are  very  similar.  As 
the  rate  of  work  done  by  the  current  at  any  point  of  its  path  is 
proportional  to  the  product  of  the  current  and  the  electric  fiim-, 
or  since  the  curreut  is  constant,  to  the  electric  force,  if  all  the 
work  were  converted  into  heat  the  curves  for  temperature  would 
be  similar  to  those  for  electric  force.  As  this  is  very  approximately 
the  case  we  conclude  th»t  in  tabes  of  moderate  praasore  the  greater 
part  of  the  electrical  work  a,-ppeaa  as  heat  u  the  gM  at  |daoH 
not  very  distant  from  where  &e  worit  is  dooa. 

Action  of  a  moffMtie  fidd  on  tiiB  diad»arg». 

286.  It  is  convenient  to  oonsider  s^tamtelj  &e  action  irf  the 
magnetic  force  on  the  varioas  porta  of  the  diachaxge.  We  dull 
b^n  with  the  negative  glow.  FHloker*  showed  that  anda-  a 
magnetic  field  the  glow  distaibated  itaelf  in  jnat  the  aame  va>y  ai 
a  collection  of  iron  filings  having  perfect  freedom  of  moti(» ;  thw 
the  bright  boundary  of  the  negative  glow  coincidea  with  the  lines 
of  magnetic  force  passing  through  the  end  of  the  negative  electrode. 


This  effect  is  illustrated  in  Figa  170, 171,  and  172,  which  are  taken 
from  PlUcker's  paper.     In  Figs.  170  and  171  the  lines  of  magnetae 

•  Piai&M,  Pogg.  Jim.  aUL  p.  88,  laSS. 
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force  are  transverse  to  the  current,  while  in  Fig.  172  they  are  more 
or  less  along  it.     The  negative   glow  in  fact  behaves  as  if  its 


luminosity  were  produced  by  something  moving  along  the  lines  of 
magnetic  force.     If  the  direction  of  the  magnetic  force  is  along 


the  line  of  discharge  the  ne^tive  glow  spreads  further  down  the 
tube  and  the  positive  column  is  driven  back ;  if  the  magnetic  force 
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ia  nt  right  angles  to  the  tube,  the  n^atiTe  glow  follows  ths  liDca 
of  force  across  the  tube  and  does  not  extend  k>  &r  down  »  when 
there  is  no  magnetic  field ;  the  poeitive  colanrn  now  oomeB  Auther 
down  the  tube  towards  the  cathode,  and  if  it  is  atiiated  new  Btrit- 
tions  appear.    These  efiects  are  illuatrated  by  Figs.  173  and  IH 


JB  ^(im^ 


which  are  due  to  Lehmann*.     Fig.  173  represents  the  case  when 
the  magnetic  force  is  along,  Fig.  174  when  it  is  across  the  tube. 

286.  Magnetic  force  affects  the  disposition  of  the  glow  over 
the  surface  of  the  cathode  as  well  as  its  course  through  the  gas. 
Thus  Hittorfi"  found  that  when  the  negative  electrode  is  a  flat 
vertical  disc  and  the  discharge  tube  is  placed  so  that  the  disc  lies 
aaially  between  the  poles  of  a  strong  electromagnet,  the  disc  h 
cleared  of  glow  except  on  the  highest  point  on  the  side  most 
remote  from  the  anode  or  the  lowest  point  on  the  aide  nearest  to 
it,  according  to  the  direction  of  the  magnetic  force.  In  another 
experiment  Hittorf,  using  as  cathode  a  metal  tube  about  1  cm.  in 
diameter,  found  that  when  the  axis  of  the  cathode  was  at  right 
angles  to  the  line  joining  the  poles  of  an  electromagnet  the  cathode 
was  cleared  of  glow  in  the  neighbourhood  of  the  places  where  tJie 
normals  are  at  right  angles  to  the  lines  of  miignetic  force.  .  Botb 
these  results  are  what  we  should  expect  if  the  glow  were  due  tu 
charged  particles  projected  normally  from  the  cathode.  The  effect 
of  a  magnetic  field  on  the  disposition  of  the  glow  over  the  cathode 
has  also  been  investigated  by  Schuster  J. 

*  LehmanD,  Ann.  der  Phyl.  vii.  p.  1,  1909. 
t  Hittort,  Fogg.  Am.  czzifi.  p.  331,  IB69. 
X  aQhWtan,  Proc.  Bd^.  Soe.  xzini.  p.  817, 188*. 
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287.  The  positive  column  is  also  affected  by  the  magnetic 
field,  the  general  effect  being  that  the  column  is  bent  into  a  curve 
resembling  the  path  of  a  positive  particle  under  the  action  of 
the  magnetic  field  and  the  electric  force  in  the  tube  (see  Art. 
51).  When  the  negative  glow  is  deflected  the  positive  column 
bends  towards  the  place  where  the  negative  glow  reaches  the 
walls  of  the  tube ;  this  effect  is  shown  in  Fig.  175,  which  is  due 
to  Lehmann.  There  is  often  a  dark  space  separating  the  ends  of 
the  negative  glow  and  the  positive  column,  as  if  the  area  of  contact 
of  the  former  with  the  glass  acted  like  a  secondary  cathode. 


Fig.  175. 


Effect  of  magnetic  force  on  the  striations, 

288.  The  influence  of  the  magnetic  field  on  the  striations  has 
been  carefully  studied  by  Spottiswoode  and  Moulton*,  and  by 
Goldstein -(• ;  the  conclusion  they  arrived  at  was  that  the  bright 
parts  of  the  striations,  like  the  negative  glow,  set  themselves  along 
the  lines  of  magnetic  force,  each  bright  part  setting  along  the  line 
of  magnetic  force  passing  through  it  and  being  separated  by  a 
dark  space  fi-om  its  neighbour.  As  very  important  deductions 
have  been  made  fi-om  this  behaviour  of  the  striae,  we  quote  the 
description  of  this  effect  given  by  Spottiswoode  and  Moulton  and 
by  Goldstein.  The  former  say:  "If  a  magnet  be  applied  to  a 
striated  column  it  will  be  found  that  the  column  is  not  simply 
thrown  up  or  down  as  a  whole,  as  would  be  the  case  if  the 
discharge  passed  in  direct  lines  fi-om  terminal  to  terminal  threading 
the  striae  in  its  passage.  On  the  contrary,  each  stria  is  subjected 
to  a  rotation  or  deformation  of  exactly  the  same  character  as 
would  be  caused  if  the  stria  marked  the  termination  of  flexible 
currents,  radiating  fi*om  the  bright  head  of  the  stria  behind  it  and 
terminating  in  the  hazy  inner  surface  of  the  stria  in  question.     An 

*  Spottiswoode  and  Moulton,  Phil,  Tram,  Part  i.  p.  205,  1879. 
t  Ooldsteiii,  WUd.  Am.  id.  p.  850, 1880. 
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examination  of  several  cases  has  led  the  authors  of  this  paper  to 
conclude  that  the  currents  do  thus  radiate  from  the  bright  head  of 
a  stria  to  the  inner  surface  of  the  next,  and  that  there  is  no  direct 
passage  from  one  terminal  of  the  tube  to  the  other."  Qoldstein 
gives  the  following  description  of  the  behaviour  of  the  striated 
column  under  magnetic  force :  "  The  appearance  is  very  cha^lcte^ 
istic  when  in  the  unmagnetized  condition,  the  negative  glow 
penetrates  beyond  the  first  striation  into  the  positive  column. 
The  end  of  the  negative  glow  is  then  further  from  the  cathode 
than  the  first  striation  or  even,  if  the  rare&ction  is  suitable,  than 
the  second  or  third.  Nevertheless  the  end  of  the  negative  glow 
rolls  itself  under  the  magnetic  action  up  to  the  cathode  in  the 
negative  curve  which  passes  through  the  cathode.  Then  separated 
from  this  by  a  dark  space  follows  on  the  side  of  the  anode  a  curve 
in  which  all  the  rays  of  the  first  striation  are  rolled  up,  then  a 
similar  curve  for  the  second  striation,  and  so  on."  We  shall  have 
occasion  to  refer  to  this  point  again  when  we  consider  the  theoij 
of  the  discharge. 

289.  Paalzow  and  Neesen*,  who  investigated  the  efiect  of  a 
magnetic  field  in  helping  or  retarding  the  discharge,  found  that 
when  the  lines  of  force  are  parallel  to  the  line  of  discharge,  the 
nature  of  the  effect  depends  upon  pressure ;  if  p^  is  the  pressure 
at  which  the  discharge  first  begins,  p^n  the  pressure  when  the 
current  through  the  tube  is  a  maximum,  and  p^  the  lowest 
pressure  at  which  the  discharge  passes,  then  for  pressures  be- 
tween Pq  and  pjn  the  magnetic  force  retards  the  discharge,  while 
if  the  pressure  is  between  p^,  and  pn  it  helps  it;  thus  the 
magnetic  field  produces  in  this  case  the  same  effect  as  an 
increase  in  pressure.  The  same  results  are  true  if  the  anode 
alone  is  exposed  to  the  magnetic  force;  if  only  the  cathode  is 
exposed  to  this  force  the  preceding  results  hold  if  the  field  is 
weak ;  if  the  field  is  very  strong,  however,  the  efiects  produced  are 
just  the  opposite,  the  magnetic  field  producing  the  same  eflFectas 
a  diminution  in  pressure. 

When  the  lines  of  magnetic  force  are  at  right  angles  to  the 
discharge  the  magnetic  field  at  all  pressures  retards  the  discharge. 
They  found  that  the  effect  of  the  magnetic  field  was  not  instan- 
taneous, often  taking  several  seconds  before  producing  its  normal 

*  Paalzow  and  Neesen,  Wied.  Ann.  Ixiii.  p.  209,  1897. 
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effect.  This  lag  is  a  very  frequent  phenomenoD  in  the  discharge 
tube ;  it  generally  can  be  explained  by  the  effects  produced  by 
previous  sparks ;  thus  as  it  is  easier  for  one  discharge  to  follow 
another  than  to  be  the  first  to  pass  through  the  tube,  the  magnetic 
field  might  not  be  able  at  once  to  stop  the  discharge  if  a  strong 
discharge  had  just  previously  passed  through  the  tube,  though  it 
might  be  able  to  prevent  a  discharge  starting  in  the  tube. 

The  author  showed  many  years  ago  that  the  passi^  of  the 
electrodeless  discharge  was  hampered  by  a  transverse  magnetic 
field  and  facilitated  by  a  longitudinal  one. 

290.  Willows",  who  also  investigated  the  effect  of  a  transverse 
magnetic  field  on  the  potential  difference  between  the  terminals 
of  a  discharge  tube  containing  gaa  at  a  low  pressure,  found  that 
when  the  magnetic  force  is  confined  to  the  neighbourhood  of  the 
cathode  the  potential  difference  is  diminished  by  the  magnetic 
field  when  the  pressure  is  low  and  increased  when  it  is  high. 
The  effect  is  represented  in  the  curves  in  Fig.  176,  the  scale  of 
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pressures  ia  such  that  a  pressure  of  1  mm.  of  mercury  is  repre- 
sented by  223.     The  pressure  at  which  the  curve  for  the  magnet 
on  intersects  that  for  the  magnet  off,  increases  as  the  magnetic 
•  WiUow»,  PW(,  Jtfaj.  Ti.  1,  p.  260,  1901. 
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force  increases  and  decreases  when  the  current  through  the  tub 
decreases.  When  the  magnetic  force  is  ci>ncentrated  at  an; 
part  of  the  tube  except  the  cathode  it  always  increases  ti 
potential  difierence. 

Willows  also  investigated  the  effect  of  a  uniform  transvers' 
magoetic  field  on  the  distribution  of  electric  force  between  thi 
terminals;  the  results  of  his  experiments  are  represented  by  tin 

curves  in  Fig.  177  ■  " *"■"  "^sld  diminishes  to  a  consideraU 

extent  the  great  itric  force  which  occure  in  tht 

negative  glow. 


B    Afoner   on 
FK£s&  =  Zllmm. 


201.     Birkeland  *  has  shown  that  in  a  tube  containing  gaB  at  > 
veiy  low  pressure  a  strong  mi^[netic  force  parallel  to  the  line  of  di*- 


■  KiUibA,  Coa^u*  h 


I,  oxxri.  p.  566, 1806. 
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charge  produces  an  enormous  diminution  in  the  potential  diflference 
required  to  spark  through  the  tube  ;  the  potential  difference  when 
the  magnetic  force  at  the  cathode  reaches  a  critical  value  falling 
to  less  than  one-tenth  of  its  previous  value.  Almy*  has  shown 
that  this  eflTect  can  be  produced  by  a  transverse  magnetic  force  as 
well  as  by  a  longitudinal  one,  and  that  the  sudden  diminution  in 
potential  is  accompanied  by  a  change  in  the  appearance  of  the 
discharge,  the  magnet  causing  the  discharge  to  change  fix)m  a  form 
in  which  it  passes  fix)m  the  whole  of  the  cathode  to  one  where 
it  is  concentrated  in  one  or  more  bright  streams.  This  change  in 
the  appearance  of  the  discharge,  and  also  the  diminution  in  the 
potential  difference  between  the  terminals,  can  be  produced 
without  the  aid  of  the  magnet  by  covering  the  outside  of  the 
tube  in  the  neighbourhood  of  the  cathode  with  tinfoil  connected 
with  the  cathode.  Almy  showed  that  the  effect  of  the  magnet  did 
not  arise  from  the  charges  of  statical  electricity  which  accumulate 
on  the  glass  of  the  tube,  by  showing  that  it  took  place  when  the 
cathode  was  placed  inside  a  metal  cylinder  which  was  used  as  the 
anode. 

292.  We  have  already  (see  p.  443)  described  the  appearance 
presented  by  the  discharge  when  the  terminals  are  placed  very 
near  together,  an  interesting  modification  of  such  an  experiment 
is  shown  in  Fig.  178,  which  represents  an  experiment  made  by 


r 


^ 


^  ■  I 


Fig.  178. 

E.  Wiedemann  f  in  which  the  anode  was  enclosed  in  a  narrow 
glass  tube  which  dipped  into  the  cathode  dark  space ;  it  will  be 
noticed  that  the  positive  light  turns  round  after  leaving  the  tube 
and  joins  the  negative  glow. 


♦  Almy,  Proe.  Canib,  Phil.  Soc.  xi.  p.  188, 1901. 
t  E.  Wiedemann,  Wied,  Ann.  bdii.  p.  242,  1897. 
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Discharge  prodtteed  by  v&ry  rapid^  aUtrmatiag 
eltetromatiM  /onm. 

S93.  E.  Wiedemann  and  Ebeit*  and  HiiuBtedtt  have  mudc- 
some  veiy  interesting  ezpeiiments  when  the  dischargt:  was  Rent 
through  the  tube  by  the  very  rapidly  alleraating  forces  produced 
bydischaiging  a  condenser;  iBWiedeuiaiinaDd  Ebert'a  t'sperimenls 
the  terminals  were  (xnmected  vith  the  t^^rminals  in  a  Lecher's 
bridge  arrangement  prodndng  elecarical  oscillations  whose  time 
of  swing  was  only  about  10~*  8ec(mdB,  In  Himstedt's  exijerimento 
the.  alternating  forcea  were  produced  by  a  Te^la  transformer.  The 
appearance  presented  by  the  tube  is  shoivn  in  Fig.  IV9  ;  it  «-iIl  be 
seen  that  both  electrodes  show  only  the  pbenomena  aasoentod  w^ 
a  cathode,  i.e.  we  hare  the  dark  spaoe,  the  negative  ^ow,  and  At 


Faraday  dark  space,  but  no  positive  light;  the  latter  is  represented 
by  the  luminosity  in  the  middle  of  the  tube ;  this  disappean  ■( 
very  low  pressures.  The  thickness  of  the  dark  space  next  tk 
electrode  diminishes  as  the  rapidity  of  the  oscillations  incieaan 

294     The  description  given  above   of  the  steady  diacha^ 
through  gases  at  low  pressures,  shows  that  it  possesses  a  veij 

*  E.  Wiedenwiui  and  Bbert,  WUd.  Ann,  1.  pp.  1,  321,  IBM. 
t  Himatedt,  WUd.  Am.  lii  p.  i78,  18M. 
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implicated  stnicture,  thus  we  have  the  cathode  dftrk  space,  the 
negative  glow,  the  Faraday  dark  space  and  the  positive  cohimn; 
accompanied  by  large  differences  in  the  electric  force  in  these 
varioDB  regions.  The  variations  in  X.  the  electric  force  along 
the  line  of  discharge,  involves  a  distribution  of  free  electricity 
with  a  density  proportional  to  dXjdx:  for  this  free  electricity  to 
accumulate  ions  must  move  from  one  part  of  the  tube  to  another, 
and  this  process  will  require  a  finit*  time.  If  electricity  is  supplied 
the  electrodes  of  the  discharge  tube  with  great  rapidity,  if  for 
ice  a  lar^  battery  of  Leyden  jars  is  discharged  through  the 
ibe,  the  difference  of  potential  between  the  electrodes  may  rise  to 
very  high  value  before  the  ions  have  tinae  to  arrange  themselves 
the  distribution  corresponding  to  the  steady  current ;  in  such  a 
this  the  whole  of  the  tube  may  be  subjected  to  a  very 
'intense  and  approximately  uniform  electric  field,  intense  enough 
to  make  the  positive  ions  produce  other  ions  by  collision;  when 
this  is  the  case  the  current  rapidly  increases  to  veiy  large  values 
and  we  get  the  discharge  passing  as  a  uniform  luminous  column 
stretching  from  one  electrixie  to  the  other  and  without  any  of  the 
^structure  possessed  by  the  steady  discharge. 

Relation  bettoeea  OwrerU  and  Potential  Difference. 
'  Characteristic '  curve. 

295.     The  relation  between  the  current  through  the  tube  and 

the  potential  difference  between  the  electrodes  is  often  very  com- 

plicate<),  depending  on  the  pressure  of  the  gas  and  the  size  and 

shape  of  the  discharge  tube.     We  can  see  that  this  must  be  the 

case,  for  when  the  current  is  increased  the  cathode  fall  of  potential 

may  be  increased  while  the  potential  gradient  along  the  positive 

column  is  diminished;  whether  the  total  potential  difference  between 

ube  electrodes  is  increased  or  diminished  will  depend  upon  the 

netative   ma^^nitude   of  these   effects.      For   some   values  of  the 

^  current  an  increase  in  the  current  through  the  tube  involves  an 

increase  in  the  potential  difference,  while  at  other  stages,  as  for 

example  when  the  current  is  very  large  and  passes  as  an  arc,  the 

.  potential  difference  diminishes  as  the  current  increases.   The  curve 

■of  which   the  ordinate  is  the  potential  difference  between   the 

wtrodc*.  and  the  abscissa  the  corresponding  current,  is  often 

■called  the  characteristic  curve  for  the  discharge,  and  when  it  is 


582  DISCHARGE  THROrOH   GASES   AT  LOW   PRESSUBES.         [XVI 

known,  the  current  sent  through  the  tube  by  any  external  electro^ 
motive  force  can  readily  be  calculated. 

Thus  let  Et  be  the  electromotive  force  of  the  battery  used  to 
send  the  current  through  the  tube,  R  the  resistance  of  the  leads, 
i  the  current  through  the  tube,  then  the  di£fereDce  of  potentul 
between  the  terminala  of  the  tube  is  E^  —  Ri,  and  if  E'~f(\)  Wa 
the  equation  to  the  characteristic  curve  we  have 

as  the  equation  to  determine  •  and  therefore  mlso  B  the  potestiit 
difference  between  the  electeodm.  Aa  we  do  not  know  an  algelnie 
expression  for  /(t)  which  would  indttde  all  nrngea  of  eorreat^  a 
graphical  method  of  Bolati<m  has  to  be  employed. 

Ijet  ABC  be  the  chantcteristic  curve,  draw  the  afcmi^t  line 
LM  whose  equation  is 


the  points  if  any  where  this  straight  line  cute  the  curve  will  give 
the  possible  values  of  i  and  E,  the  current  through  the  discharge 
tube  and  the  difference  of  potential  between  its  terminals.  Some 
of  these  values  may  correspond  to  an  unstable  condition  and  be 
imposedble  to  realise.  To  lind  which  points  correspond  to  a  stable 
and  which  to  an  unstable  oonditios  we  may  proceed  as  follows :  if 


t 
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the  current  is  increased  by  St  the  increase  in  the  electromotive 

force  which  has  to  be  overcome  by  the  battery  is  MSi  +  -yr  Si  or 

unbalanced 

dectromotive   force   round  the  circuit   tending   to  diminish  the 
eorrent  and  the  increase  in  the  current  will  be  stopped,  so  that 


i  positive  there  will  1 


the  conditions  will  be  stable ;  if  however  R  + 


dE. 


B  there 


will  be  an  unbalanced  electromotive  force  tending  still  further  to 
increase  the  current  so  that  the  current  will  increase  still  further 

dE 


and  the  conditions  will  be  unstable.    Thus  for  stability  R-\ 


di 


must  he  positive,  this  condition  was  first  given  by  Kaufmann*. 

We  see  from  this  that  when  the  discharge  is  stable,  the  straight 

line  E  =  E„-  Ri  miist,  at  the  point  where  it  cuts  the  characteristic 
r  curve,  be  steeper  than  the  timgent  to  the  characteristic  curve. 
V^us  of  the  points  A,  B.  C  where  the  line  cuts  the  curve  in 
ISig.  (180),  A  and  C  are  stable  and  B  unstable.  The  state 
m<i[  things  represented  by  a  point  P  on  a  position  of  the  charac- 
Vteristic  curve  where  the  slope  is  downward  cannot  exist  unless 
■■■there  is  in  the  external  circuit  a  resistance  gi'eater  than  that 

represented  by  the  tangent  of  the  inclination  of  the  tangent  to 

the  curve  at  P  to  the  horizontal  axis. 

If  the  external  electromotive  force  is  given  and  the  resistance 

1  the  leads  gnidually  increased,  the  straight  tine  LM  will  become 

teeper  and  steeper,  C  will  move  to  the  left  so  that  the  current  will 

finish ;  when  the  line  is  so  steep  that  it  touches  the  character- 

e  at  C,  the  limiting  condition  will  be  reached,  any  further 

Increase  in  the  current  will  make  the  condition  represented  by  A' 

the  only  possible  one  for  equilibrium,  thus  on  passing  through  the 

position  when  the  line  is  a  tivngent  to  the  curve  there  will  be  an 

abrupt  change  in  the  current  and  in  the  nature  of  the  discharge. 

Thus  if  the  BC  part  of  the  curve  corresponded  to  the  luminous 

discharge,  the  A  part  to  the  dark  discharge,  we  see  that  for  a  given 

value  of  the  external  electromotive  force  there  is  a  minimum  value 

oJ  the  current  for  the  luminous  discharge  ;  if  the  current  is  reduced 

below  this  value  the  discharge  ceases  to  be  luminous. 

*  Kaatmann,  Ann.  der  Fhy:  il.  p.  ISR,  IWU. 
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If  the  characteristic  curve  is  like  Fig.  181,  which  if  the  pazt8 
were  curved  instead  of  straight  vrould  not  be  very  unlike  that  finr 
the  discharge  from  an  incandescent  lime  cathode;  AB  representmg 


Fig.  isi. 

the  dark  discharge,  BG  the  discharge  with  an  anode  glow  but  no 
cathode  glow,  CD  the  discharge  with  the  cathode  glow,  and  DE 
the  arc  discharge ;  we  see  that  the  stage  AB  can  be  got  for  all 
values  of  Eq  by  taking  suitable  values  of  R  and  for  all  vcdues  of  R 
by  taking  suitable  values  of  Eq  ;  the  stage  BC  can  be  got  for  all 
values  of  Eq  >  AL,  by  taking  suitable  values  of  iZ,  and  for  all 
values  of  R  by  taking  suitable  values  of  Eq  ;  the  stage  CD  can 
only  be  got  when  the  external  resistance  is  greater  than  the 
tangent  of  the  angle  between  CD  and  the  horizontal  and  when 
the  external  electromotive  force  is  greater  than  AM. 

Some  interesting  examples  of  characteristic  curves  for  the 
discharge  through  gases  at  low  pressures  are  given  by  Riecke  in 
the  Annaleji  der  Physik,  b.  4.  p.  592.   1901. 


CHAPTER  XVII. 

THEORY  OF  THE  DISCHARGE  THROUGH  VACUUM  TUBES. 

296.  We  shall  now  proceed  to  apply  the  theory  of  the  spark 
discharge  given  on  p.  487  et  seq.  to  explain  some  of  the  phenomena 
observed  when  the  discharge  passes  through  a  vacuum  tube  con- 
taining gas  at  a  low  pressure.  We  have  regarded  the  spark 
discharge  as  originating  in  the  ionisation  of  the  gas  by  moving 
ions,  the  small  negative  ions — the  corpuscles — being  more  eflScient 
ionisers  than  the  positive  ones,  which  have  a  greater  mass.  If, 
however,  the  ionisation  in  an  electric  field  not  exposed  to  external 
ionising  agents,  such  as  Rontgen  rays,  were  solely  due  to  the 
collisions  of  corpuscles  with  the  molecules  of  the  gas  we  could  not 
have  a  continuous  current  through  the  gas.  For  suppose,  to  begin 
with,  there  were  a  few  corpuscles  between  the  electrodes,  then 
if  the  negative  electrode  is  on  the  right  the  electric  field  mil  set 
the  corpuscles  moving  to  the  left,  and  if  it  were  strong  enough 
ionisation  would  occur  between  the  positive  electrode  and  the 
place  firom  which  the  original  corpuscles  started.  The  new  cor- 
puscles produced  by  the  collisions  of  the  original  ones  with  the 
molecules  of  the  gas  would  themselves  produce  new  ions,  but  all 
these  would  be  formed  to  the  left  of  the  birthplace  of  the  ions 
which  produced  them ;  there  would  thus  be  a  gradual  exodus  of 
corpuscles  towards  the  positive  electrode  while  the  gas  round 
the  negative  electrode  would  in  time  be  deprived  of  coi-puscles 
and  would  cease  to  conduct,  and  by  hypothesis  it  could  no  longer  be 
ionised  as  all  the  negative  ions  would  have  been  driven  to  the 
positive  electrode. 

We  have  seen  that  in  every  gas  'spontaneous'  ionisation  is 
continufi^Uy  taking  place,  and  it  might  be  urged  that  this  process 
would  famish  a  supply  of  negative  ions  which  would  rapidly 
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multiply  by  collisions  with  the  moleciiles  of  the  gaa,  and  so 
furnish  a  supply  of  carriers  sufficient  for  the  cnirent  through 
the  tube.  If  this  were  the  case  however  the  potential  diffiarenoe 
between  the  electrodes  would  vaiy  rapidly  with  the  conent.  in 
reality  however  the  variation  is  vexy  sligfat. 


Again,  the  current  under  a  given  difference  of  potential  would 
depend  upon  the  amount  of  the  spontaneous  ioniaatioii,  lA  die 
ionisation  independent  of  the  electric  field ;  we  can  however  increase 
the  latter  a  hundredfold  by  exposing  the  gas  in  the  dischaige 
tube  to  the  action  of  B5ntgen  rays  without  producing  any  appre- 
ciable increase  in  the  current  passing  through  the  ga&  To  account 
for  the  phenomena  of  the  discharge  we  must  have  ioniaati^m 
produced  by  the  electric  field  itself  dose  to  the  cathode;  we 
shall  suppose  that  this  ionisaticm  is  produced  by  the  positive 
ions,  and  although  these  require  a  much  greater  amount  of  eneigy 
before  they  can  act  as  ionisers  than  do  the  corpuscle8»  yet  the  veiy 
intense  electric  field  which  exists  close  to  the  cathode  is  sufficient 
to  give  them,  when  under  its  influence  they  have  come  up  to 
the  cathode,  all  the  energy  they  require. 

There  are  several  ways  in  which  these  rapidly  moving  positive 
ions  might  produce  fresh  negative  ions;  the  two  that  most 
naturally  suggest  themselves  are,  (1)  that  the  positive  ions  by 
collision  ionise  the  molecules  of  the  gas  near  the  cathode,  (2)  that 
the  positive  ions  by  striking  against  the  surface  of  the  cathode 
communicate  so  much  energy  to  the  corpuscles  contained  in  the 
layer  of  metal  close  to  the  surface  of  the  cathode  that  they  are 
able  to  escape  from  the  metal,  just  as  they  are  able  to  escape  from 
a  metal  when  it  is  raised  to  incandescence. 

The  consequences  will  be  very  much  the  same  whichever  of 
these  views  we  take ;  for  the  strength  of  the  electric  field  increases 
so  quickly  near  the  surfece  of  the  cathode  that  the  kinetic  energy 
possessed  by  the  positive  ions,  when  they  arrive  quite  close  to  the 
surfece,  will  be  enormously  greater  than  when  they  are  just  a 
little  further  off,  so  that  any  ionisation  produced  by  the  collision 
of  these  positive  ions  with  the  molecules  of  the  gas  will  be 
practically  confined  to  the  layer  of  gas  close  to  the  surfiu^e  of  the 
cathode.  It  is  possible  that  the  luminous  glow  which  spreads 
over  the  cathode  marks  the  seat  of  this  ionisation.    Thus  whether 
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wf  suppose  the  positive  ions  to  net  according  to  the  method  (1)  or 
(2)  we  have  negative  iona  starting  fnini  close  to  the  surface  of  the 
cathode;  these  are  driven  from  it  by  the  electric  field  and  soon 
acquire  such  velocities  that  they  ionise  the  gaa  through  which 
they  pass,  producing  a  supply  of  positive  ions  which  are  attracted 
by  the  electric  field  up  to  the  cathode,  there  to  produce  a  fresh 
supply  of  negative  ions. 

Thus  the  positive  and  negative  ions  in  the  space  close  to  the 
ithude  are  on  this  view  mutually  dependent :  if  the  supply  of 
eitber  is  stopped,  that  of  the  other  at  once  fails.  This  is  very  well 
illustrated  by  the  experiment  represented  in  Fig.  136,  p.  489,  in 
vhich  an  obstacle  placed  in  the  dark  space  throws  a  shadow  as  it 
were  backwards  and  forwards;  the  obstacle  stops  the  supply  of 
positive  ions  to  a  portion  of  the  cathode  (the  portion  in  shadow) ; 
this  p-irtioQ  is  no  longer  able  to  send  out  negative  ions,  in  fact 
it  ceases  to  act  as  an  electrode, 


The  discharge  can   take  place   when  the  positive  ions  act  as 
■  ioDisers  in  the  region  cl(«e  to  the  cathode,  even  though  these  ions 
mio  not  produce  new  ions  in  other  parts  of  the  field.     Thus  it  is 
oly  close  to  the  cathode  that  the  electric  field  need   be   very 
Intense,  in  the  remainder  of  the  tube  it  need  not  rise  above  the 
iUue  required  to  make  the  corpuscles  produce  ions.     This  concen- 
tration of  the  electric   field  at  the   cathode  involves  also  great 
concentration  of  ions  and  this  accumulation  of  ions  will  require 
time.     If  the  gas  originally  contains  only  a  few  ions  and   the 
electric  field  is  only  applied  for  a  very  short  time,  there  will  be  no 
me  for  this  concentration  of  ions  to  take  place  and  the  field  will 
S  approximately  uniforui  from  one  electrode  to  the  other ;  if  the 
;  were  to  take  place  under  these  circumstances  the  electric 
e  would  have  to  be  great  enough  all  along  the  line  of  discharge 
}  make  the  positive  ions  produce  fresh  ions;  in  this  case  the 
icharge  would  not  show  the  differentiations  characteristic  of  the 
idy  state.     When  once  the  discharge  has  passed  it  may  leave 
hind  it  BO  many  ions  that  a  discharge  following  shortly  after 
lay  pass  with  a  very  much  smaller  potential  difference ;  as  the 
witive  ions  left  behind  by  moving  up  to  the  cathode,  may  make 
!  field  at  the  cathode  much  more  intense  than  the  average  field 
roHghout  the  tube. 
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ITie  conditions  for  luminod^  ui  tk$  distkargs. 

297.  As  luminoedty  is  one  of  the  most  ohanusteristic  iaatureB 
of  the  discharge  the  oonditioiis  under  which  it  ooeais  aie  of  graife 
interest.  We  have  given  on  p.  481  xenBOiis  for  beUeying  that  the 
production  of  the  luminosity  does  not  depend  entirely  apoo  the 
kinetic  energy  of  the  oorpuadee  moving  through  the  gu;  this 
kinetic  energy  is  independent  of  the  cunent  provided  the  electiic 
force  remains  the  same;  the  current  however  as  well  as  the  electric 
force  aifects  the  luminosity,  and  if  we  double  the  corrent  density 
of  the  stream  of  corpuscles  passing  through  the  gas  we  may  do  fiur 
more  than  double  the  luminositj^  The  abruptness  with  which  the 
luminosity  appears,  suggests  that  the  luminous  stage  is  reached 
when  the  internal  energy  of  an  atom  reaches  a  certain  critical 
value ;  it  may  reach  this  value  as  the  result  of  one  collision  with  a 
corpuscle,  but  if  the  atom  possesses  any  power  of  storing  up 
energy  it  may  also  reach  this  value  by  combining  the  eneigy  it  has. 
stored  up  from  previous  collisions  of  corpuscles,  either  with  itself 
or  with  neighbouring  atoms,  with  the  energy  it  receives  just  before 
luminosity. 

Spectroscopy  furnishes  many  instances  in  which  an  increase  in 
the  density  of  the  current  of  corpuscles  changes  not  merely  the 
intensity  but  also  the  character  of  the  radiation;  the  most  con- 
spicuous instances  of  this  are  argon  and  the  heavier  inert  gases.  If 
the  current  density  through  a  discharge  tube  containing  argon  is 
gradually  diminished  the  colour  of  the  discharge  changes  from  a 
bright  blue  to  a  bright  red,  and  the  spectra  are  entirely  different ; 
the  changes  in  the  electric  force  in  the  tube  are  not  considerable. 
I  have  found  that  for  a  current  density  intermediate  between  the 
limits  required  to  fully  develop  the  blue  or  red  diachaige  there  is 
a  very  marked  diminution  in  the  luminosity  of  the  tube ;  with  such 
a  density  it  required  a  much  longer  exposure  to  photograph  the 
spectrum  than  it  did  with  current  densities  either  considerably 
greater  or  considerably  less. 

Changes  in   the  spectra  produced  by  changing  the  current 
density  occur  in  the  cases  of  many  other  gases  and  vapours. 

298.  The  electric  force  required  to  produce  luminosity  is 
often  greatly  diminished  by  an  increase  in  the  current  density;  an 
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intrease  in  current  density  is  accompttnied  by  an  increase  in  the 
woi'k  (lone  by  the  electric  forces  jier  unit  volunje  of  the  gas  in  the 
discharge  tube,  and  therefore  in  the  temperature  of  the  ga§ ;  it 
might  therefore  be  thought  that  it  was  the  temperature  of  the 
gas  which  increases  the  luminosity.  This  view  would  I  think  be 
misleading :  the  increaae  in  the  mean  temperature  of  the  gas  in 
the  discharge  tube  is  often  quite  small,  less  than  two  or  three 

^ hundred  degrees  centigrade,  and  we  might  heat  up  the  tube  by  a 
Bunsen  burner  to  a  higher  teniprature  than  this  without  affecting 
the  luminosity:  when  the  gas  is  heated  in  this  way  the  energy  is 
given  to  the  gas  in  the  form  of  increased  energy  of  translation 
uf  its  molecules,  and  albhuiigh  in  accurdanco;  with  Bultzmann's  law 
a  certain  proiwrtion  of  this  is  transformed  into  the  internal  energy 
of  the  atoms  the  amount  of  interna!  energy  acquired  in  this  way 
Vould  be  very  small  compared  with  that  required  to  make  the  gas 
Inniinoas.  The  conditions  are  quite  diffei'ent  when  the  gas  is 
iheated  by  the  electric  discharge ;  in  this  case  through  the  collisions 
t)t  corpuscles  with  the  atoms  of  the  gas  the  greater  part  of  the 
energy  communicated  to  the  gas  is  initially  internal  energy  of  the 
atom,  and  although  this  ultimately  gets  transformed  to  temper- 
atures energy  the  average  interna!  energy  in  the  atom  for  the 
jMme  final  temperature  is  far  greater  than  if  the  energy  were  first 
iCommuuicated  to  the  gas  in  the  form  of  temperature  energy  and 
|hen  tranetbrmed  into  internal  energy.  Thus  if  the  luminosity 
depends  upon  the  internal  energy  the  same  rise  of  temperature 
1  produce  a  much  greater  effect  when  the  heating  is  produced 
!i^  the  electrical  discharge  than  when  it  is  produced  directly  by 
thermal  means. 

The  large  and  sudden  increase  which  often  occurs  when 
luminosity  seta  in  indicates  that  the  gas  on  becoming  luminous 
emits  ions  freely.  It  may  be  that  in  the  luminous  gaa  a  far  larger 
number  of  molecules  are  luminous  and  emit  ions  than  are  struck 
by  coipuscles.  The  molecule  may  acquiiv  internal  eneigy  by 
wrbing  the  radiation  emitted  when  corpuscles  collide  with 
leighbouring  molecules,  this  energy  may  accumulate  until  it 
iches  the  critical  value  necessary  for  luminosity  and  ioniaation. 
Kfhe  ionisation  of  such  molecules  is  only  indirectly  produced  by 
wUisiun. 
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Origin  of  the  dark  spae$. 

299.  Let  lis  now  consider  in  more  detail  the  ioniHation  pro- 
duced by  the  negative  ions  coming  from  the  cathode.  The  primaij 
ones  which  start  from  or  near  the  sorfiuse  will  in  oooaeqiienoe  of 
the  very  intense  electric  field  which  exists  dose  to  the  cathode  be 
shot  out  with  veiy  great  velocil^,  they  will  therefisre  be  cathode 
rays  of  a  veiy  penetrating  kind;  soch  rays  in  a  given  length  d 
path  do  not  produce  so  mnch  ionisation  as  those  moving  with  a 
smaller  velocity.  Let  as  now  consider  the  case  of  a  oorpasele 
produced  by  the  collision  of  one  of  the  primary  ones  with  a 
molecule  some  little  distance  in  front  of  the  cathode;  this 
*  secondary'  corpuscle  will  start  fix>m  a  field  much  less  inteue 
than  that  from  which  the  primaiy  corpuscle  started^  it  will  therefore 
not  acquire  nearly  so  great  a  velocity;  it  will  oonespond  to  a 
much  more  easily  absorbed  kind  of  catiiode  ray,  and  will  dierefore 
in  a  given  length  of  path  produce  many  more  ion&  Again,  the 
corpuscles  produced  by  the  'secondary'  corpuscles  or  by  the 
primary  ones  at  a  greater  distance  from  the  cathode  will  in 
consequence  of  their  smaller  velocity  be  still  more  easily  absorbed, 
and  therefore  produce  still  more  ions  per  unit  of  path.  Thus  the 
amount  of  ionisation  will  be  small  in  the  strong  parts  of  the  field 
near  the  cathode,  but  will  increase  with  great  rapidity  when  we 
get  to  the  weaker  parts.  Thus  if  ionisation  were  accompanied  by 
luminosity  the  places  close  to  the  cathode  where  the  electric  field 
is  strong  would  be  dark,  while  the  luminosity  would  increase  with 
very  great  rapidity  in  the  places  more  remote  fix)m  the  cathode 
where  the  electric  field  is  weaker ;  the  increase  would  be  so  rapid 
that  the  contrast  and  line  of  demarcation  between  the  light  and 
dark  places  would  be  sharply  marked. 

The  sharp  contrast  between  the  very  feeble  luminosity  in  the 
dark  space  and  the  brightness  of  the  negative  glow,  is  an  illustra- 
tion of  the  abruptness  with  which  the  luminous  discharge  starts 
into  existence  and  to  which  we  have  already  alluded  on  p.  480. 
A  slight  increase  in  the  strength  of  the  electric  field  or  of  the 
current  may  make  all  the  difference  between  a  brightly  luminous 
discharge  and  one  which  is  hardly  visible. 

The  transition  fix>m  a  non-luminous  to  a  luminous  discharge 
depends  on  the  current  density  of  the  stream  of  corpuscles  as  well 


as  npoD  the  strength  of  the  electric  field,  thus  the  boundary  of 
the  negative  glow  on  the  cathode  side  will  be  &  surface  where  the 
current  density  is  constant  as  well  aa  the  potential.  Thus  while 
there  is  any  space  on  the  cathode  not  covered  by  the  negative 
glow,  the  current  density  will  remain  constant  all  over  the  negative 
and  any  increase  in  the  total  cun'ent  through  the  tube  will 
^  accompanied  by  a  corresponding  increase  in  the  area  of  the 
cathode  covered  by  the  negative  glow.  When  the  cathode  is 
itirely  covered  by  the  glow  an  increase  in  the  current  must  be 
Mcompanied  by  an  increase  in  the  current  density,  and  this 
tcrease  is  accompanied  by  a  considerable  increase  in  the  cathode 
Jl  of  potential.  One  cause  of  this  increase  is  the  increase  in  the 
ensity  of  the  free  electricity  in  the  region  round  the  cathixie ; 
lis  increase  will  make  the  changes  in  electric  potential  as  we 
ttiove  up  to  the  cathode  more  rapid. 

The  density  of  the  current  at  the  cathode  when  the  negative 
ow  does  cover  the  electrode  is  constant,  and  as  Stark'  has 
lown  depends  upon  the  pressure,  it  increases  with  the  pressure 
fer  all  gases,  and  for  air,  aa  Stark  and  H.  A.  Wilsont  have  shown,  it 
is  directly  proportional  to  the  pressure.  The  following  considera- 
tions will  show  that  we  should  expect  the  limiting  current  density 
to  increase  with  the  pressure.  Let  the  discharge  take  place 
itween  two  parallel  plates  at  right  angles  to  x,  let  F^be  the  value 
the  potential  at  a  distance  m  from  the  cathode,  p  the  density  of 
le  free  electricity,  then 

Now  the  structure  of  the  region  round  the  cathode  is  approxi- 
lately  on  a  scale  proportional  to  X,  the  mean  free  path  in  the  gas. 

[>  that  ^^/ii^j  where_/"does  not  depend  upon  the  pressure,  since 

|3/\  is  proportional  top  we  may  write  V  =  F(.rp)=  F(^),  hence 

e  for  the  s;iuie  value  of  ^,  i.e.  at  corresponding  points,  p  will  be 

(OjKirtional  to  the  square  of  the  pressure ;  thus  the  density  of  the 

s  in  the  neighbourhood  of  the  cathode  rapidly  increases  with  the 

•  Slotlt,  PhyiikaliKht  ZtiUch.  iii.  p.  274,  1902. 
i  H.  A.WilBOD,  Phil.  Mag.  [yi],  iv.  p.  003,  1902. 
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pressure,  the  om-ent  however  will  be  proportional  to  the  product 
of  the  density  of  the  ions  and  their  velocity :  we  have  seen  that 
an  increase  of  pressure  produces  a  great  increase  in  the  denait^-;  if 
the  strength  of  the  electric  field  remained  the  sarae  an  increase  id 
the  pressure  would  diminish  the  velocity ;  the  greatest  effect  the 
pressure  could  produce  would  be  to  make  the  velocity  vary 
inversely  as  tht  pressure ;  this  would  only  occur  if  the  field  were  as 
strong  at  low  pressures  as  at  high,  which  is  not  tht^  case,  and  even 
if  it  were  the  diminuti<«  in  tiie  veloci^  prodooed  I17  ik%  incteMed 
pressure  would  not  be  sofiSciant  to  oonntenct  ike  mcreue  is  tiie 
density  of  the  ions,  so  that  the  aucent  woold  iiiiiiiiMiii  with  the 
density, 

300.  The  scarcity  of  the  negative  ioDs  in  the  strot^  field  dose 
to  the  cathode  and  their  rapid  increase  in  Uie  veeker  parts  cf  &e 
field  towards  the  n^;ative  glow  are  strikiii^y  ahowQ  in  acme 
experiments  made  by  the  fniter*  la  these  a  diadtarge  tabe  vu 
used  similar  to  that  shown  in  Fig.  188,  £7  is  a  floating  cathode 


/'^ 


Fig.  182. 
*  J.  J.  Thonuon,  Phil.  Mag.  t!.  1,  p.  Sttl,  IWH. 
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which  can  be  raised  or  lowered  in  the  tube,  A  is  the  anode,  and  B 
a  closed  metal  vessel  provided  vrith  a  window  covered  with  very 
thin  aluminium  foil.  The  impact  of  negative  ions  on  this 
window  was  foimd  to  generate  rays  which  penetrated  the  tinfoil 
and  ionised  the  gas  in  the  closed  vessel.  This  gas  therefore 
conducted  electricity,  and  if  the  electrode  D  was  charged  and 
connected  with  an  electrometer,  the  charge  leaked  from  it,  the 
rate  of  leaking  indicating  the  amount  of  ionisation  in  the  gas, 
care  being  taken  to  charge  up  the  electrode  to  a  suflBciently  high 
potential  to  produce  the  saturation  current  through  the  gas.  The 
rays  are  very  easily  absorbed,  this  is  clearly  shown  by  diminishing 
the  pressure  of  the  gas  in  the  closed  vessel  B  and  observing  the  rate 
of  leak  at  diflferent  pressures.  As  long  as  the  rays  are  entirely 
absorbed  in  passing  through  the  gas  in  the  vessel,  the  number  of 
ions  in  the  vessel,  and  therefore  the  saturation  current,  will  be 
independent  of  the  pressure  of  the  gas;  as  soon  however  as  the 
pressure  gets  so  low  that  the  rays  pass  through  the  gas  without 
much  absorption,  the  saturation  current  becomes  proportional  to 
the  pressure.  The  following  table,  which  gives  the  variation  of 
the  saturation  current  vrith  the  pressure,  shows  that  it  is  not 
until  the  pressure  gets  low  that  the  saturation  current  is  affected 
by  the  pressure,  hence  we  conclude  that  the  radiation  produced 
by  the  impact  of  the  negative  ioijs  against  the  window  can 
only  penetrate  through  a  few  millimetres  of  air  at  atmospheric 
pressure : 


Pressare  in  vessel  D 
(thickness  of  vessel  1  cm.) 

Sataration  current 

770  mm. 

87 

270    „ 

90 

100    „ 

64 

45     „ 

37 

10    „ 

11 

5     „ 

3 

The  intensity  of  the  rays  produced  by  these  negative  ions 
depends  very  much  upon  the  distance  of  the  window  from  the 
cathode.  This  is  clearly  shown  by  the  following  table,  the  results 
of  which  are  represented  by  the  curve  in  Fig.  183,  in  which  the 

T.  o.  ^'^ 
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ordinates  represent  the  amount  of  ionisation  in  the  vessel  and  the 
abscissae  the  distance  from  the  cathode. 


i * ' 


At«rj»9itt- 


Fig.  183. 


Pressure  in  discharge  tube  '6  mm.    Width  of  dark  space  6  mm. 


Distance  of  window  from 

Ionisation  in  vessel  D 

sarface  of  cathode 

(arbitraiy  nnits) 

3 

21 

4 

54 

5 

105 

6 

195 

8 

150? 

10 

180 

20 

66 

30 

40 

40 

25 

It  will  be  seen  that  the  effect  of  the  rays  produced  by  the  impa^* 
is  smfill  close  to  the  cathode,  increases  very  rapidly  as  we  approach 
the  negative  glow,  attains  a  maximum  in  the  glow,  and  then 
quickly  drops  down  to  a  very  small  value;  in  fact  the  effect 
produced  by  the  collision  of  the  negative  ions  against  the  window 
varies  in  the  same  way  as  the  amount  of  ionisation  produced 
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according  to  the  theory  given  on  p.  590,  by  the  collision  of  the 
corpuscles  with  the  molecules  of  the  gas. 

The  fact  that  the  ionisation  inside  the  vessel  D  increases 
and  decreases  with  the  luminosity  in  the  discharge  might  lead  to 
the  suspicion  that  the  ionisation  inside  D  was  not  due  to  rays 
generated  by  the  impact  of  negative  ions  against  the  window,  but 
to  the  light  coming  from  the  gas ;  that  it  is  in  reality  due  to  the 
former  and  not  to  the  latter  cause  is  shown  by  the  following  experi- 
ment. The  tube  was  placed  in  a  field  of  magnetic  force,  the  lines 
of  magnetic  force  being  parallel  to  the  window  in  the  box  D ;  the 
magnetic  field  concentrates  the  negative  glow  and  increases  its 
luminosity,  so  that  if  the  ionisation  in  the  box  were  due  to  the 
luminosity  and  not  to  the  impact  it  should  be  increased  by  the 
magnetic  field ;  on  the  other  hand,  since  the  negative  ions  move 
parallel  to  the  lines  of  magnetic  force,  and  therefore  parallel  to 
the  window,  the  impact  of  the  ions  against  the  window  is  stopped, 
so  that  if  this  is  the  cause  of  the  ionisation  inside  the  box  it 
should  be  very  much  diminished  by  the  field;  on  trying  the 
experiment  it  was  found  that  the  magnetic  field  almost  entirely 
stopped  the  ionisation. 

301.  On  the  theory  we  are  discussing  the  negative  glow  is 
due  to  the  ionisation  brought  about  by  collisions  between  mole- 
cules of  the  gas  and  corpuscles  which  have  started  some  distance 
from  the  cathode,  such  corpuscles  being  the  descendants,  so  to 
speak,  of  the  corpuscles  which  started  from  close  to  the  cathode 
and  which  move  with  very  much  greater  velocity  than  the  glow- 
producing  corpuscles  which  have  started  in  a  much  weaker 
electric  field.  The  thickness  of  the  dark  space  will  evidently  be 
greater  than  the  mean  free  path  of  a  corpuscle,  for  this  would  be 
the  approximate  magnitude  of  the  dark  space  if  the  negative 
glow  were  produced  by  collisions  with  the  corpuscles  from  the 
cathode;  the  greater  the  mean  free  path  the  further  will  the 
negative  glow  be  from  the  cathode,  and  we  should  expect  from 
the  preceding  theory  a  linear  relation  between  the  thickness  of  the 
dark  space  and  the  mean  fi^e  path. 

The  corpuscles  which  start  from,  close  to  the  cathode  being 
but  little  absorbed  may  sometimes  pass  right  through  the  negative 
glow,  as  in  the  case  of  the  discharge  studied  by  E.  Wiedemann 
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and  represented  in  Fig.  144,  p.  628.    These  corpuscles  are  the 
cathode  rays  which  we  shall  discuss  in  chapter  XIX. 

302.  When  ionisation  takes  place  in  the  region  round  the 
cathode  the  positive  ions  move  towards  the  cathode,  while  the 
negative  ones  move  away  from  it;  this  produces  an  excess  ai 
positive  electricity  in  the  gas  near  the  cathode.  In  consequence  of 
this  positive  charge  the  electric  force  diminishes  as  we  recede  from 
the  cathode.  When  the  electric  field  sinks  below  a  certain  value 
it  can  no  longer  communicate  to  the  corpuscles  sufficient  eneif[y 
to  make  them  act  as  ionisers,  so  that  after  the  field  has  sunk  to 
this  value  the  ionisation  will  cease ;  it  would  be  more  accurate  to 
say  that  the  ionisation  will  cease  soon  after  the  field  has  reached 
this  value,  for  the  corpuscles  may  retain  for  some  little  distance 
the  energy  they  acquired  in  stronger  parts  of  the  field  and  so 
continue  to  act  as  ionisers  for  a  short  distance  in  the  weak  field. 
The  limit  of  the  negative  glow,  furthest  fix)m  the  cathode,  marks 
on  our  view  the  place  where  the  current  of  corpuscles  and  their 
velocity  sink  below  the  values  required  to  produce  luminosity. 

303.  Let  us  now  consider  what  would  happen  in  the  gas 
between  the  anode  and  the  negative  glow  g.  Let  us  suppose  for 
a  moment  that  there  is  no  ionisation  taking  place  between  g  and 
the  anode.  Then  as  the  current  will  be  carried  by  ions  dragged 
by  the  electric  field  from  the  region  of  ionisation  between  g  and 
the  cathode,  all  the  ions  between  g  and  the  anode  will  be  negative 
ions,  so  that  there  will  be  a  negative  charge  in  the  gas  to  the 
left  of  ^ ;  but  a  negative  charge  involves  an  increase  in  the  electric 
force  as  we  go  from  g  towards  the  anode,  and  if  the  anode  is  far 
enough  away  the  electric  field  may  increase  to  such  an  extent 
that  it  is  again  able  to  give  to  the  negative  corpuscles  sufficient 
kinetic  energy  to  make  them  ionisers.  When  this  happens  the 
gas  again  becomes  luminous,  and  we  have  in  fact  a  repetition  of 
the  process  occurring  in  the  negative  glow.  The  increased  ionisa- 
tion in  the  luminous  part  of  the  discharge  will  diminish  the 
strength  of  the  electric  field  until  this  gets  so  weak  that  no  further 
ionisation  takes  place,  the  luminosity  again  ceases  and  the  current 
will  again,  as  in  the  Faraday  dark  space,  be  carried  by  ions  pro- 
duced elsewhere ;  there  will  also,  as  in  that  space,  be  an  excess  of 
negative  ions,  this  will  cause  the  electric  force  again  to  increase, 
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t  accompanied  by  luiniaosity  will  recur,  and  the  process 
J  repeated  right  up  to  the  anode ;  we  thus  get  bright  and 
dsrlc'])atcheH  its  id  the  strinttsd  positive  columu.  On  this  view  the 
lumuinuii  portions  of  the  striatioos  correspond  to  the  negative 
glow,  the  intervening  dark  spaces  to  the  Faraday  dark  space,  the 
proces  taking  place  along  the  positive  column  being  a  repetition 
of  that  taking  place  near  the  cathode.  The  similarity  between 
the  striated  positive  column  and  the  phenomena  at  the  cathode  haa 
been  insfeted  on  by  several  observers,  notably  by  Spottiswoode  and 
Moulton*.  Goldsteinf.  and  LehmannJ.  Goldstein's  statement  is 
very  clear  and  explicit,  he  says,  "  Jede  einzelne  Schicht  des  posi- 
tiven  Lichtes  ist  ein  dem  friiher  sogenannten  negativen  oder 
Kathodenlichtc  entspreehendes  Gebilde,  und  diia  geachichtete 
positive  Licht  bcsbeht  eigentlich  aus  einer  Aufeinanderfolge  von 
Komplexen  negativen  Lichtes§."  Several  observers  have  regarded 
the  behaviour  of  the  positive  column  as  necessarily  implying  a 
discontinuity  in  the  discharge.  Thus  Spottiswoode  and  Moulton 
from  the  behaviour  of  the  striated  column  liken  the  transmission 
of  electricity  along  the  positive  column  "to  an  action  consisting 
of  an  independent  discharge  from  one  stria  to  the  next,  and  the 
idea  of  this  action  can  perhaps  be  best  illustrated  by  that  of  a  line 
of  boys  crossing  a  brook  on  stepping  stones,  each  boy  stepping  on 
to  the  stone  the  boy  in  front  of  him  has  left."  On  the  view  we 
have  indicated  above  a  striated  discharge  need  not  necessarily  be 
diflcontinuous. 

ti.  We  saw  in  Art.  43  that  when  the  velocity  of  the  ions 
portional  to  the  electric  force  the  curve  representing  the 
relation  between  the  electric  force  at  a  point  and  the  distance  of 
that  point  from  one  of  the  electrodes  is  convex  to  the  axis  when 
the  ionisation  in  the  gas  is  greater  than  the  recombination  of  the 
ioQS,  and  concave  when  it  is  les.f.  The  cui-ve  representing  the 
distribution  of  electric  force  along  the  striated  positive  column  is 
however  (see  Fig.  149)  concave  at  the  bright  parta  of  the  stria 
where  we  have  supposed  the  ionisation  to  be  greatest,  and  convex 
at  the  dark  parts  where  the  ionisation  is  least.     In  a  case,  however, 

Spotclawotxle  HDiI  Moulton,  Phil.  Traiu.  Patt  t.  p.  303.  1870. 
t  fioltlsleiii.  H'(«/.  Ami.  li.  p,  831.  19S0  ;  »ii.  pp.  90,  243,  1881. 
;  Iiabnmnn,  IHr  Eltkttitehm  Entladungm. 

Uolibteiii.  i'rrltn,  MtmaUbtr.  May  4,  18711. 
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like  that  of  a  striated  discharge  where  the  presBUTe  of  the 
low,  and  the  free  path  of  a  oorpusde  therefivre  o(niaiderab|e^  the 
velocity  of  a  corpuscle  at  a  point  will  depend  not  onljT;  vpoo 
the  magnitude  of  the  electric  force  at  that  point,  but  als^  vpoo 
the  forces  which  acted^upon  it  before  it  reached  the  point :  Aub 
the  conditions  upon  which  the  investigation  in  Art  43  is  biaed 
need  not  apply  in  this  case. 


Case  when  the  discharge  is  not  istriaied  and  the  positive  column 

is  of  uniform  intensity. 

306.  The  corpuscles  are  continually  recombining,  so  that 
unless  there  is  fresh  ionisation  their  number  must  continnalljr 
diminish :  if  the  rate  of  ionisation  is  equal  to  that  of  recombiiiA- 
tion  the  number  of  corpuscles  will  remain  constant.  Thus  ii, 
when  the  ionisation  begins  at  the  anode  end  of  the  Faraday  dark 
space,  the  strength  of  the  field  is  such  that  the  number  of  ions 
produced  by  it  in  unit  time  is  just  equal  to  the  number  which 
recombine  in  that  time,  the  number  of  ions,  the  strength  of  the 
field,  the  amount  of  ionisation,  and  therefore  the  luminosity  will 
be  constant  all  along  the  line  of  discharge,  and  we  shall  have  the 
case  of  the  uniform  positive  column.  The  diminution  in  the 
electric  force  which  occurs  when  the  current  is  increased  (see 
p.  558)  follows  from  the  principle  (see  p.  480)  that  ionisation 
takes  place  more  easily  when  the  current  density  is  large  than 
when  it  is  small. 

Anode  fall  of  potential. 

306.  Let  us  consider  a  point  P  close  to  the  anode  A,  then  the 
current  at  P  is  carried  by  negative  corpuscles  produced  further 
from  the  anode  than  P  and  by  positive  ions  either  coming  out  of 
the  anode  or  produced  from  the  gas  between  P  and  A.  That  a 
considerable  supply  of  positive  ions  is  produced  within  a  short 
distance  of  the  anode  is  proved  by  the  fact  that  in  the  unifon^ 
positive  column  the  electric  force  is  constant  within  a  short 
distance  of  the  anode,  and  when  this  is  the  case  there  are  as  many 
positive  as  negative  ions  per  unit  volume  of  the  gas.  Thus  if  the 
ions  are  produced  in  the  gas  the  ionisation  in  the  gas  near  the 
anode  must  be  so  intense  that  in  an  exceedingly  thin  layer  of  fp^ 


THHOUOa   VACUUM   TUBES.  599 

here  are    sufficient   positive    ions    produced   to   neutralise   the 

r  eiectrostatic  effect  of  the  negative  ones  moving  up  to  the  anode. 

Now   under    these    conditions,  if   %   is   the   current,  k,,  k^,   the 

velocities   of   the   positive   and    negative   ione    respectivoly,   the 

^^umber  of  positive  ions  which  cross  unit  sirea  of  the  uniform 

^Bpeitive  column  in   unit   time   is   k,il{k,+k3)e.  where   e   is   the 

^^V&rge  on  an  iun.     Suppose  w  is   the  work  required  to  ionise  a 

^molecule  of  the  gaa.  then  in  the  thin  layer  referred  to  an  amount 

of  work  equal  to  wk,i/(k,  +  k,)  e  must  be  done  by  the  electrical 

field  in  unit  time ;  but  if  V  is  the  diflerence  of  potential  between 

the  two  sides  of  this  layer  (one  of  these  sides  is  the  anode),  the 

Btlectrical  work  done  in  unit  time  is    Vk,i/(,k,  +  kt),  since  the 

intity  of  negative  electricity  entering  this  layer  in  unit  time 

I  i,t7(A'i  +  Aj);   hence  supposing  all  the  electrical  work  is  sjjcnt 

1  ionising  the  gas,  we  have 

Vk,i  k^v'i 


this  is  an  inferior  limit  to  V,  since  it  is  obtained  on  the  assumption 

that  all  the  work  is  spent  in  ionising  the  gas :  we  have  thus  a 

"liite  drop  in  the  potential  at  the  anode.     If  we  proceed  on  the 

^er  supposition,  that  the  positive  ions  come  from  the  anode,  just 

B  we  have  seen  positive  ions  do  come  out  of  metal,  or  out  of  the 

i  absorbed  by  metal  when  the  temperature  is  above  a  dull 

I  heat,  the  preceding  investigation  will  still  apply,  if  vi  stands 

r  the  eneigy  required  to  eject  an  ion  from  the  metal,  so  that 

,  this   case   again   there   is  a  finite   drop   of  potential   at   the 

i&ode.     On  this  view  if  we  produce  independently  of  the  electric 

field  a  discharge  of  positive  ions  from  the  anode  we  ought  to 

diminish  the  anode  fall  of  potential.    I  have  found  that  this  is  the 

case.     Aluminium  phosphate  when  heated  to  redness  gives  out 

t  large  supply  of  positive  ions.     I  found  that  when  the  anode  in  a 

icharge  tube  was  a  wire  coated  with  aluminium  phosphate  and 

{Bted  to  a  red  heat,  the  anode  fall  was  greatly  reduced. 

It  ought  to  be  noticed  that  unless  positive  ions  come  from  the 
le  the  ordinary  method  of  measuring  the  anode  fall  by 
■rraining  the  potential  of  a  \vire  in  the  gas  near  the  anode  is 
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not  reliable,  as  in  this  case  there  will  only  be  negative  ioiiB  nrand 
the  wire  and  its  potential  will  not  be  that  of  the  gas  (see  p.  SSI). 


Action  of  magnetic  force  upon  the  discharge. 

307.  We  have  seen  (see  Art.  57)  that  when  a  ckaiged 
particle  moving  through  a  gas  is  acted  upon  by  both  electric  sod 
magnetic  forces,  it  will  follow  the  lines  of  magnetic  and  not  of 
electric  force,  provided  RH  is  a  large  quantity;  here  H  is  the 
magnetic  force,  and  R  the  velocity  acquired  by  an  ion  under  unit 
electric  force.  Another  way  of  expressing  the  same  result  is  to 
say  that  a  charged  particle,  moving  with  the  velocity  v,  will  follow 
the  lines  of  magnetic  force  if  mv/eH,  the  radius  of  the  circle  into 
which  the  path  of  a  free  particle  is  bent  when  moving  at  right 
angles  to  the  magnetic  force,  is  small  compared  with  the  mean  free 
path  of  the  particle.  The  result  when  put  in  this  form  is  obvious, 
since  (see  p.  106)  the  free  paths  of  the  particles  are  spirals  round 
the  lines  of  magnetic  force,  and  as  the  radii  of  these  spirals  are 
small  compared  with  the  length  of  the  mean  free  path  the  only 
direction  in  which  the  particles  make  any  appreciable  progress  is 
that  of  the  magnetic  force.  The  negative  particles  will  be  much 
more  likely  than  the  positive  to  follow  the  lines  of  magnetic  force; 
for  in  the  first  place,  the  mean  free  path  of  the  negative  particles 
is  greater  than  that  of  the  positive,  and  secondly,  the  value  oimje 
is  much  less  for  the  negative  than  for  the  positive  particles.  Thus 
we  may  expect  the  negative  particles  to  follow  the  lines  of 
magnetic  force,  even  when  the  motion  of  the  positive  ones  is  but 
little  affected  by  the  magnetic  field.  The  tendency  of  the  negative 
particles  to  follow  the  lines  of  magnetic  force  is  strikingly  shown 
by  the  behaviour  of  the  negative  glow  in  a  strong  magnetic  field, 
when  as  Plucker  has  shown  (see  p.  572),  the  boundary  of  the  glow 
coincides  with  a  line  of  magnetic  force. 

308.  Since  the  negative  particles  are  much  more  affected 
than  the  positive  by  a  magnetic  field,  if  the  proportion  of  the 
current  canied  by  the  negative  ions  varies  at  different  points  in  its 
course  the  current  will  be  much  more  deflected  by  the  magnetic 
field  in  some  places  than  in  others.  This  is  exactly  what  happens 
in  the  striated  discharge;  for  suppose  A  and  B  are  the  bright 
parts  of  two  consecutive  stria,  then  since  by  hypothesis  there  is 
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ionisatioii  iii  A,  many  more  negative  particles  will  leave  A  from  th» 

anode  side  than  enter  it  from  the  cathode  side ;  thus  the  proportion 

of  the  current  carried  by  the  negative  ions  will  be  much  greater 

on  the  anode  sidti  of  the  bright  patches  than  on  the    cathode 

side ;   the  portion  of  the  current  on  the  anode  side  nf  a  bright 

■patch  will  therefore  be  much  more  affected  by  the  magnetic  field 

Ijihan  that  on  the;  cathode  side :    the  general  effect  of  this  will 

;  much   the  same  aa   if   the   current   were   discontinuous,  and 

I,  aa  we  have  seen  (see  p.  597),  corresixinds  to  the  behaviour 

f  the  striated  column  in  the  magnetic  field. 


Effect  of  a  constriction  in  the  tube. 

Goldstein  (see  p.  568)  has  shown  that  on  the  anode  side 

f  a  constriction  we  get  negative  glow ;  this  is  what  we  should 

i:(»ect   on   the   preceding   theory,  for   thu   electric   force   in  the 

constriction  will  be  greater  than  in  the  wider  parts  of  the  tube : 

there  are  aeveral  lines  of  reasoning  by  which  we  may  show  that 

this  must  he  the  case ;  in  the  first  place  the  current  density  in  the 

xtnstriction  is  greater  than  in  the  rest  of  the  tube ;  thus  if  there 

)  in  the  constricted  part   the  same  number  of  ions  per  cubic 

ientimetre  as  elsewhere,  the  velocity  of  the  ions  must  be  greater ; 

r  this  to  be  the  case  the  electric  force  must  be  greater  also ;  or 

I,  if  the  density  of  the  ions  is  greater  in  the  constriction  than 

S  the  wide  parts  of  the  tube,  then  since  the  ions  are  produced  by 

Be  electric  field  the  larger  number  of  ions  will  involve  a  more 

ptense  electric  field.     Thus,  a-s  the  force  in  the  constriction  is 

3ater  than  in  the  rest  of  the  tube  the  corpuscles  which  emerge 

I  the  constriction  on  the  anode  side  will  in  the  constriction 

fcve  acquired  a  largo  amount  of  kinetic  energy,  and  will  therefore, 

ike  the  corpuscles  in  the  negative  glow,  produce  great  ionisatiou 

Irith  its  attendant  luminosity. 

Another  reason  for  the  electric  force  in  a  narrow  tube  exceed- 
f  that  in  a  wide  one  is  that  in  a  narrow  tube  the  loss  of  ions  by 
ision  to  the  walla  of  the  tube  is  greater  in  the  narrower  tubes, 
lien  the  discharge  is  in  a  steady  state  the  rate  of  production  of 
i  must  equal  the  rate  at  which  they  disappear.  In  an  open 
kI  the  ions  disappear  by  recombination  with  other  ions  or  with 
toU^cules  of  the  gas,  but  in  tubes  aomL'  of  the  ions  diffuse  to  the 
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*side8  of  the  vessel  and  become  DeufiialiBed ;  the  nanower  the  tabe 
the  greater  will  be  the  loss  fix>m  this  cauae.  Thus  siiioe  the  rate 
of  disappearance  of  the  ions  is  greater  in  narrow  tabea  thin  in 
wide  ones  the  rate  of  production  and  therefore  the  electiic  faee 
must  also  be  greater.  When  the  effect  of  diffusion  is  nq;l6Ctod  we 
saw  (p.  497)  that  for  a  steady  state 

F(Xe\i)^y. 

When  we  take  diffusion  into  account  we  can  easily  show  that  this 
equation  is  modified  into  the  form 

when  k^  is  the  velocity  of  the  negative  ion  under  unit  electric  force, 
X  the  mean  free  path  of  the  negative  ion,  d  the  diameter  of  the 
tube  and  A  a  constant.  If  F{Xe\)  is  a  linear  function  of  XeX 
this  equation  may  be  written 


when  C  and  D  are  constants.     In  wide  tubes  for  small  currents 
X  is  approximately  proportional  to  the  pressure. 

Entladungstrdhlen, 

310.     E.  Wiedemann*  discovered  that  an  electric  spark  emits 
something  which  is  propagated  in  straight  lines,  is  stopped  by  all 
solids  and  liquids,  and  which  possesses  the  power  of  exciting  thermo- 
luminescence  (see  page  624)  in. suitable  bodies;  he  called  this 
radiation  from  the  spark  '  Entladungstrahlen.'     Hofimann"f,  who 
subsequently  investigated  this  question,  showed  that  *  Entladung- 
strahlen '  are  emitted  by  discharges  through  vacuum  tubes  as  well 
as  by  sparks,  and  that  this  radiation  is  not  deflected  by  a  magnet ; 
he  found  that  the  radiation  is  absorbed  by  carbonic  acid  gas  to  a 
much  greater  extent  than  by  oxygen.     The  writer  J  showed  that 
these  *  Entladungstrahlen '  possess  the  power  of  ionising  the  gas 
through  which  they  pass,  so  that  a  part,  though  often  only  a  small 
part,  of  the  ionisation  in  the  tube  is  due  to  these  rays.     The  rays 

*  E.  Wiedemann,  Zeitsehr.f.  EUctrochemie,  p.  159,  1895. 

t  Hoffmann,  Wied,  Ann,  Ix.  p.  269, 1897. 

X  J.  J.  Thomson,  Proe.  Camb.  PhiU  8oc.  x.  p.  74, 1899. 
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are  given  out  by  the  luminous  parts  of  the  dischaige,  ue,  by  the 
luminous  positive  column  and  eq>ecially  by  the  luminous  parts  of 
the  discharge  near  the  cathode ;  they  are  not,  however,  given  out 
by  the  Faraday  dark  space.  As  these  rays  help  to  ionise  the  gas 
the  whole  of  the  ionisation  has  not  to  be  done  by  the  collisions ; 
so  that  the  strength  of  the  field  required  to  produce  discharge 
will  be  a  little  less  than  that  calculated  on  the  collision  hypothesis ; 
the  difference  will  increase  with  the  strength  of  the  current,  so 
that  the  Entladungstrahlen  would  tend  to  make  the  potential 
gradients  in  the  tube  diminish  as  the  strength  of  the  current 
through  the  tube  increases. 

311.  We  shall  see  that  when  the  motion  of  a  charged  ion  is 
accelerated  the  ion  emits  radiation  analogous  to  Rontgen  rays, 
the  energy  emitted  per  unit  time  being  2€Ff*/3V,  where  e  is  the 
charge  on  the  ion,  /  its  acceleration,  and  V  the  velocity  of  light. 
As  the  ions  canying  the  current  in  the  discharge  tube  are  con- 
tinually being  accelerated  by  the  electric  force,  and  firequently, 
in  addition,  have  their  velocities  suddenly  altered  by  the  collisions 
they  make  with  the  molecules  of  the  gas,  during  which  time  their 
accelerations  are  very  great,  they  will  emit  radiation,  which  will  be 
most  intense  where  the  electric  force  is  greatest ;  this  radiation  is, 
I  think,  Wiedemann's  Entladungstrahlen. 
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312.  In  the  electric  spark  and  the  discharge  from  a  point  the 
difference  of  potential  between  the  electrodes  is  several  hundred 
volts,  while  the  current  is  only  a  fraction  of  a  milliampke;  in 
the  case  we  now  proceed  to  consider, — the  electric  arc, — ^where  the 
electrodes  are  in  a  state  of  incandescence,  the  potential  difference 
is  very  much  smaller,  while  the  current  is  enormously  greater, 
often  amounting  to  many  amperes.  We  can  produce  the  arc 
discharge  if  we  take  a  battery  of  cells  of  small  resistance,  numerous 
enough  to  give  a  potential  difference  of  60  to  80  volts,  and  connect 
the  electrodes  with  two  carbon  terminals  which  are  at  first  pushed 
against  each  other,  a  current  of  electricity  flows  through  the 
carbons  and  warms  the  junction;  if  while  the  current  is  still 
passing  the  carbons  are  drawn  apart  a  bright  discharge  which 
may  carry  a  current  of  many  amperes  passes  from  one  carhon 
terminal  to  the  other.  This  discharge,  which  is  called  the  electric 
arc,  is  characterized  by  intense  heat  and  light  which  make  it  of 
great  practical  importance.  The  main  sources  of  the  light  are 
the  extremities  of  the  carbon  rods  which  are  in  a  state  of  vivid 
incandescence.  The  temperature  of  the  extremity  of  the  positive 
terminal  is  much  higher  than  that  of  the  negative ;  according  to 
Viollc*  the  temperature  of  the  former  is  about  3500''C.,  that  of 
the  latter  about  2700°  C,  while  the  temperature  of  the  arc  itself 
he  found  to  be  higher  than  that  of  either  terminal.  The  terminals 
if  similar  to  begin  with  soon  present  marked  differences  in  their 
appearance,  the  extremity  of  the  positive  terminal  gets  hollowed 
out  into  a  crater-like  shape,  while  the  negative  terminal  if  pointed 
to  begin  with  remains  so.  Both  terminals  in  general  lose  weight, 
the  positive,  however,  far  more  than  the  negative.  The  appearance 
of  the  terminals  is  shown  in  Fig.  184 ;  these  figures  are  due  to 

*  YioUe,  Compte$  Pendui,  czv.  p.  1278,  1892. 
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Mrs  Ayrton*.  a  and  h  represent  the  appearance  when  the  arc  is 
quiet,  d  when  it  is  giving  out  a  hissing  sound ;  in  some  cases  a 
mushroom-shaped  body  forms  at  the  end  of  the  negative  terminal. 


Fig.  184. 

The  temperature  of  the  crater  of  the  positive  terminal  remains 
practically  constant  even  when  the  current  varies,  thus  Waidner 
and  Burgessi-  found  that  when  the  current  was  increased  from 
15  to  30  amperes  the  temperature  of  the  anode  only  increased 
by  70**;  an  increase  of  current  increases  the  area  of  the  luminous 
crater,  but  the  amount  of  light  given  out  by  each  unit  area 
remains  unaltered;  the  temperature  of  the  crater  is  probably 
the  temperature  at  which  carbon  melts  or  volatilizes.  E.  W. 
WilsonJ  has  shown  that  when  the  arc  passes  through  gas  at  a 
very  high  pressure,  say  20  atmospheres,  the  luminosity  of  the 
positive  crater  is  sensibly  less  than  at  atmospheric  pressure;  in 
a  later  paper  he  gives  reasons  for  thinking  that  this  may  be 
explained  by  the  increased  absorption  of  light  by  the  gas 
surrounding  the  arc. 


Connection  between  the  difference  of  potential  between  the 
electrodes,  the  length  of  the  arc,  and  the  current. 

^13.     If  F  is  the  potential  difference  between  the  terminals, 
/  the  length  of  the  arc,  Frohlichf  showed  that  the  linear  relation, 

V  =  7?i  H-  nl, 

♦  Mrs  Ayrton,  Proe.  hut.  Electrical  Engineert,  xxviii.  p.  400,  1899. 
t  Waidner  and  Burgess,  Phyi,  Rev.  zix.  p.  241,  1904. 
t  E.  W.  Wilson,  Proc.  Boy.  Soe.  Uiu.  p.  174,  1896  ;  Ix.  p.  877, 1897. 
i  Fr5hlieh,  EUktroUcMUcheZeiUckrifi,  vr,  p.  150,  1883. 
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vhdTe  m  and  n  are  conatontB,  i>.  independent  of  I,  exists  betvees 
V  and  /.  Mrs  Ayrton*  has  shown  that  both  m  and  n  at«  (bnetiaM 
of  the  current  t  passing  through  the  arc,  and  that 

where  a,  S,  7,  S  are  constants. 

Ayrtonf  made  a  long  series  of  ezpeiiments  on  the  lektioo 
between  the  potential  difference  and  the  current  through  the  sic; 
some  of  the  curves  representing  the  results  of  these  experiments 
are  given  in  Fig.  185,  where  the  onlinates  represent  the  potoitial 
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Fig.  185. 


difference  and  the  abscissae  the  current;  it  will  be  seen  from 
these  curves  that  for  a  quiet  arc  an  increase  in  current  is  accom- 
panied by  a  decrease  in  the  potential  difference,  while  in  the 
hissing  arc  the  potential  difference  is  independent  of  the  current. 

The   constants   m  and   n   in   Frfihlich's   formula   have    been 
measured  by  several  experimenters,  by  Frohlich  himself,  EkllundJ, 

•  Mrs  AjTtoD,  Tht  EUetrie  Arc,  di«p,  iv. 

t  W.  E.  Ajtioa,     Un  Ajtttm,  The  Bleetrie  Arc. 

i  Edlaod,  Pagg.  Ann.  1S4,  pp.  StSl,  BST,  186& 
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ukfit',    V.   Langt,  Gross   and    ShephardJ,    Nebel§,    AronsjI. 
or  carbon  electrodes  in  air  at  atmospheric  pressure  m 

about  39  volts,  varying  somewhat  with  the  size  and  purity  of 
<tti£  carbons;  it  is  diminished  by  soaking  thei*e  in  salt  solution; 
the  value  of  n,  given  by  different  esperimentura  varies  cooaiderably, 
this  may  be  due  to  their  having  used  currents  of  different  inten- 
sities, as  Mrs  Ayrton  has  shown  that  it  depends  upon  the  current, 
diminishing  as  the  current  increases.  When  metallic  instead  of 
carbon  terminals  are  used  the  value  of  m  depends  upon  the  metal 
being  in  general  larger  the  higher  the  temperature  at  which  the 
metal  volatilizes;  the  values  in  volts  found  by  v,  Lang**  for  m  for 
terminals  of  different  substances  are  as  follows :  C  =  35,  Pt  =  27'4, 
Fe  =  25,  Ni  =  2618, Cu  =  2386,  Ag  =  1523, Zo  =  1986, Cd  =  10-28. 
Lecherft  gives  Pt  =  28,  Fe  =  20,  Ag  =  8.  AronaS  found  for  Hg  the 
value  12'8,  in  this  case  the  fall  of  potential  along  the  arc  itself 
.Iras  abnormally  small.  In  interpreting  these  results  it  ia  important 
to  notice  that  with  some  terminals  the  arc  is  intermittent. 
Lecher  has  sliown  that  this  is  the  case  with  iron  or  platinum 
terminals,  and  Arons  that  it  is  so  with  mercury  tenninals;  no 
intermittence  has  been  detected  with  carbon,  silver  or  copper 
terminals.  The  potential  differences  given  above  are  mean  valuesj 
and  if  the  arc  is  intermittent  they  may  differ  greatly  from  the 
actual  potentials  during  the  jiassage  of  the  arc. 

If  the  two  terminals  are  of  diBerent  materials  the  potential 
difference  may  depend  upon  the  direction  of  the  currents ;   this 

especially  the  case  when  one  of  the  electrodes  ia  carbon  and  the 
;her  metal ;  the  arc  passes  much  more  easily  when  the  carbon  is 
le  negative  terminal  and  the  metal  the  positive  one  than  it  does 

the  opposite  direction,  So  marked  is  this  effect  that  if  such 
pair  of  terminals  is  connected  up  with  an  alternating  electro- 

itive  force  the  arc  may  pass  only  in  the  direction  in  which  the 

■bon  is  the  negative  terminal,   the  potential  difference  being 

•  Peukert,  ZfiUrhri/l  fUr  Eltkiniteelmik,  Jfitn,  iii.  p.  Ill,  1886. 
t  T.  Lang,  H'itd.  Ann.  i»vi.  p.  US,  1885 ;  mi.  p.  3«4,  18H7. 
t  Groaa  and  Sbepbard,  Prot.  Amer.  Acad,  o/ Stitncit,  1886,  p.  2. 
I  Nobel.  CfMralblatt  far  KUklrolechnik,  Tiii.  pp.  517,  file,  1988, 
]|  Aran*.  Wied.  Ann.  I<riij.  p.  73,  ISUfl. 
T  Lnggin,  Wim.  Btr.  lonii.  p.  Ili»,  1889. 
*■  ».  Lang,  Wird  Am.  »x»l  p.  381,  1MM7. 
++  I-wber,  Wied.  Awn.  uxiiL  p.  BOD,  iwa. 
:  AroHF,  WUd.  Ana.  Wiil.  p.  73.  ISdS. 
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InsuiRcient  to  drive  it  the  opposite  way.  For  expeiimentB  on  this 
point  we  may  refer  to  papers  by  Blondel*,  by  Duddell  and 
Marchantf,  and  by  Eichberg  and  KallirJ. 

Non-arcing  MekUa. 

314.  With  some  metals  as  terminals  the  arc  has  a  great 
tendency  to  go  out  and  is  only  maintained  with  difficulty ;  brass, 
cadmium,  and  bismuth  are  examples  of  such  metals;  in  some  cases 
this  is  a  very  useful  property,  it  has  been  investigated  by  Wurtz§: 
a  great  deal  depends  upon  the  size  and  shape  of  the  electrodes,  as 
well  as  the  material  of  which  they  are  made ;  conditions  which 
promote  a  rapid  flow  of  heat  from  the  hot  extremities  of  the 
terminals  are  favourable  to  the  extinction  of  the  arc. 

Effect  of  pressure  on  the  potential  difference  in  the 

arc  disdiarge. 

315.  The  potential  difference  is  not  independent  of  the  pres- 
sure of  the  gas  through  which  the  arc  passes.  Duncan,  Rowland 
and  Todd  II  have  made  an  extensive  series  of  experiments  on  this 


*  Blonde],  Comptet  Rcndus,  127,  p.  1016,  1898 ;  188,  p.  727,  1898. 

t  Duddell  and  Marchant,  Irut.  Elect,  Eng,  xzviii.  p.  1,  1899. 

X  Eichberg  and  Kallir,  Wien.  Situ,  107,  p.  657,  1898. 

§  Wnrtz,  hum.  EL  xIy.  p.  79,  1892. 

II  Duncan,  Boivland  and  Todd,  EUetrieiofn^  zzzi  p.  60. 
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point ;  the  results  of  some  of  their  experiments  are  represented 
graphically  in  Fig.  186  :  it  will  be  seen  from  the  curves  that  for 
short  arcs  the  potential  difference  increases  continuously  with  the 
pressure,  while  for  longer  arcs  there  is  a  critical  pressure  at  which 
the  potential  difference  is  a  minimum;  this  critical  pressure  seems 
to  increase  with  the  length  of  the  arc. 

Hoerburger*  has  also  determined  the  effect  of  pressure  on  the 
potential  difference ;  he  finds  the  potential  difference  to  diminish 
with  the  pressure  of  the  surrounding  gas  until  this  falls  to  a 
certain  value,  in  his  experiments  1  mm.  of  Hg,  when  the  potential 
difference  becomes  independent  of  the  pressure. 

Effect  of  the  nature  of  the  gas  on  the  potential  difference, 

316.  The  nature  of  the  gas  affects  the  arc,  thus  it  is  difficult 
to  get  good  arcs  in  pure  hydrogen ;  this  may  be  due  in  part  at  least 
to  the  more  rapid  convection  of  heat  from  the  terminals  in  this  gas. 
Aronsi^  has  measured  the  potential  difference  required  to  produce 
an  arc  1*5  mm.  long,  carrying  a  current  of  4*5  amperes  between 
terminals  of  different  metals  in  air  and  pure  nitrogen ;  his  results 
are  given  in  the  following  table : 


Terminal 

Potential  difference 

Terminal 

Potential  difference 

Air 

21 
23 
25 
27 
29 

Nitrogen 

Air 

Nitrogen 

Ag 

? 

21 
21 
30 
20 

Ft  

36 
39 

30 
27 
18 
22 

„© 

Zn 

Al  

Cd 

Pb 

Cu 

Mg 

Fe 

6 

The  case  of  silver  is  interesting  as,  though  it  gives  good  arcs 
in  air,  Arons  could  not  obtain  an  arc  in  pure  nitrogen ;  he  ascribes 
this  to  the  absence  of  any  chemical  combination  between  the 
silver  and  the  nitrogen;  he  was  able  in  the  case  of  the  other 
metals  to  get  evidence  of  the  formation  of  nitridea     With  the 


*  Hoerburger,  Beibldtter  zxix.  p.  8S3,  1905. 
t  Arons,  Ann,  der  Phya,  i.  p.  700, 1900. 
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exception  of  copper  the  potential  differences  in  nitrogen  are  smalls 
than  in  air,  the  difference  being  very  noticeable  in  the  cases  of 
iron  and  aluminium. 

Arons  also  made  a  series  of  experiments  in  hydrogen,  but 
found  the  greatest  difficulty  in  producing  the  arc  in  this  gas,  and 
could  only  obtain  it  by  using  large  currents  and  having  the  gas  at 
a  low  pressure ;  cadmium,  zinc,  and  magnesium  gave  the  best  arcs 
in  hydrogen. 

We  must  in  the  case  of  the  arc  remember  that  since  the  metal 
or  the  carbon  volatilizes  the  arc  goes  through  a  mixture  of  the 
vapour  of  the  metal  and  the  air,  nitrogen  or  hydrogen  in  which 
the  terminals  are  immersed,  so  that  the  conditions  of  the  experi- 
ment are  very  complicated;  the  presence  of  this  vapour  makes 
ambiguous  the  interpretation  of  the  effect  of  changes  of  pressure 
in  the  gas  around  the  terminab,  as  we  do  not  know  the  pressure  of 
this  vapour. 

317.  The  distribution  of  potential  between  the  terminals 
generally  shows  the  following  characteristics :  there  is  a  consider- 
able fall  of  potential  close  to  the  anode,  a  smaller  one  close  to  the 
cathode,  and  a  very  gentle  potential  gradient  in  the  space  between 
the  terminals  ;  the  general  nature  of  this  distribution  is  shown  by 
the  curve  in  Fig.  187  :  the  curve  shows  many  of  the  characteristia^ 


Cathode 


Anooe 


Fig.  187. 


of  the  distribution  of  potential  between  two 
£ames ;  see  p.  233. 
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Luggin*  found  Ihat  with  carbon  terminab  and  a  current  of 
Be  amperea  there  was  a  fall  of  potential  of  33-7  volts  clow?  to  the 
fanode.  and  one  of  8'7  close  to  the  cathode.  The  diifeivnce  between 
[the  potential  falls  at  the  anode  and  cathode  is  not  so  large  with 
I  iron  or  copper  electrodes  as  it  is  with  carbon.  With  mercuij 
Iterminals  Arons  found  that  the  cathode  fall  was  5-1  volta,  the 
■  anode  fall  74  volts.  When  the  current  is  increased  so  much 
I  that  the  discharge  passes  fVom  the  quiet  to  the  hissing  arc  there 
I  sudden  fall  of  potential.  Lugginf  and  Mrs  AyrtonJ  have 
fdiown  that  this  diminution  in  the  potential  occurs  almost  entirely 
fit  the  anode,  the  potential  gradients  in  the  other  parts  of  the 
""scharge  being  but  little  affected. 

318,  Some  experiments  which  are  very  suggestive  as  to  the 
fiarts  played  by  the  two  terminals  in  the  arc  discharge  have  been 
uinde  by  Fleming^.  In  these  experiments  a  third  exploring  carbon 
f  «lectrode  was  used  which  was  either  inserted  in  the  arc,  or  what  was 
ten  more  convenient,  placed  outside  the  undisturbed  path  of 
lie  arc,  and  the  arc  directed  on  to  it  by  means  of  a  magnet, 
ling  found  that  when  the  third  terminal  was  connected 
■ith  the  negative  terminal  of  the  arc  by  a  circuit  which  con- 
bed  a  battery  of  a  few  cells  an<l  a  galvanometer  to  register  the 
rent,  a  current  passed  round  the  circuit  under  a  very  small 
ictromotive  force  when  the  direction  of  the  current  was  from 
pe  cold  electrode  placed  in  the  arc  through  the  arc  to  its  negative 
jrminal  and  then  through  the  galvanometer,  but  that  it  would 
K»t  pass  in  the  other  direction  :  another  way  of  stating  this  result 
B  to  say  that  with  one  electrode  hot  and  the  other  cold,  a  current 
a  pass  in  the  direction  in  which  the  negative  electricity  comes 
i  the  hot  electrode  into  the  gas,  but  not  in  the  other  direction. 
Q^hiis  although  in  ordinary  arcs  the  positive  terminal  is  the  hotter, 
Ilis  experiment  shows  that  a  high  temperature  of  the  negative 
utrode  is  the  essential  condition  for  the  arc  discharge,  and  that 
i^ture  of  the  negative  terminal  up  by 
I  discharge,  oven  although  the 
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temperature  of  the  positive  electrode  is  oomparatively  low.    No 
arc,  however,  will  pass  if  the  negative  terminal  is  cold. 

Fleming  found  that  if  he  connected  the  exploring  electrode 
up  to  the  positive  electrode,  without  introducing  any  hatteiy  into 
the  circuit,  enough  current  passed  through  the  exploring  electrode 
to  ring  an  electric  bell  or  light  an  incandescent  lamp  placed 
between  the  electrode  and  the  positive  terminal ;  but  that  no 
appreciable  current  passed  if  the  electrode  were  connected  with 
the  negative  instead  of  the  positive  terminal :  this  result  indicates 
that  the  potential  of  the  spare  electrode  is  brought  nearly  to  an 
equality  with  that  of  the  cathode.  From  these  experiments 
Fleming  concluded  that  the  arc  discharge  consists  of  a  torrent 
of  negatively  electrified  particles  of  carbon  shot  off  from  the 
cathode,  these  carry  the  current  and  striking  with  great  violence 
against  the  anode  hollow  it  out,  just  as  a  body  is  hollowed  out 
when  struck  by  a  sand  blast. 

319.  The  phenomena  connected  with  the  discharge  of 
electricity  from  incandescent  bodies  (see  Chapter  VIII.)  seem  to  me 
to  indicate  a  somewhat  different  explanation  of  the  arc  discharge. 
We  saw  that  an  incandescent  body  such  as  a  piece  of  carbon,  even 
when  at  a  temperature  far  below  that  of  the  terminals  in  the  arc 
discharge,  emits  negatively  electrified  corpuscles  at  a  rate  corre- 
sponding to  a  current  of  the  order  of  an  ampfere  per  square 
centimetre  of  incandescent  surface,  and  that  the  rate  of  emission 
increases  very  rapidly  with  the  temperature ;  thus  at  the  tem- 
perature of  the  negative  carbon  in  the  arc  the  rate  of  emission 
probably  corresponds  to  a  current  of  a  large  number  of  amperes 
per  square  centimetre  of  hot  surface.  If  then  a  piece  of  carbon 
were  maintained  by  independent  means  at  this  high  temperature 
and  if  this  were  used  as  the  negative  electrode,  a  current  could 
be  sent  through  a  gas  to  another  electrode,  whether  this  second 
(electrode  were  cold  or  hot. 

Let  us  first  suppose  that  the  anode  is  cold,  then  the  current  would 
be  carried  entirely  by  negative  ions,  there  would  be  free  negative 
ions  in  the  space  between  the  electrodes,  these  would  cause  the 
electric  force  to  increase  as  we  pass  from  the  cathode  to  the  anode 
and  would  make  the  current  increase  rapidly  with  the  potential 
difference.     Now*  suppose  that  the  anode  becomes  hot  and  that 
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lere  is  some  gaa  in  contact  with  it  which  can  be  ionised,  yield - 
a  supply  of  positive  ions ;  this  current  will  no  longer  be 
terried  entirely  by  negative  ions,  though  inasmuch  as  (p.  242) 
tbe  velocity  of  the  negative  ion  at  these  high  temperatures  is 
ery  much  gre-ater  than  that  of  the  positive,  by  far  the  larger  part 
f  the  current  is  carried  by  the  negative  ions.  The  presence  of 
be  positive  ions,  however,  modifies  very  considerably  the  distri- 
tutioo  of  potential  between  the  electrodes:  the  positive  ions 
jdiffuse  into  the  region  of  the  discharge  until  they  are  sensibly 
equal  in  number  to  the  negative  ions ;  when  this  is  the  case  the 
^ectric  force  ib  sensibly  uniform  between  the  terminals  except  close 
to  the  electrodes,  and  we  have  a  distribution  similar  to  that  given 
Id  Fig.  52,  p.  233.  which  is  taken  from  a  paper  by  H.  A.  Wilson  on  the 
conductivity  through  hot  gaaes,  and  represents  the  distribution  i>f 
]Xttential  between  two  hot  electrodes :  by  comparison  with  Fig,  187 
it  will  be  seen  that  this  bears  a  great  resemblance  to  the  distri- 
bution of  potential  between  the  terminals  in  the  arc  discharge. 
The  view  we  take  of  the  arc  diachaige  is  that  it  is  similar  to  the 
discharge  between  the  incandescent  terminals  just  consideied,  the 
only  difierence  being  that  in  the  flame  the  temperature  of  the 
terminals  is  maintained  by  independent  means,  while  in  the  arc  it  is 
maintained  by  the  work  done  by  the  discharge  itself;  this  requires 
.that  the  potential  difference  between  the  electrodes  and  the 
mt  passing  between  them  should  not  sink  below  certain  values, 
the  other  hand,  when  the  temperature  is  maintained  by  fxtemal 
the  smallest  potential  difference  is  able  to  send  a  current. 

On  this  view  the  cathode  is  bombarded  by  the  positive  ions 
which  maintains  its  temperature  at  such  a  high  value  that  negative 
corpuscles  come  out  of  the  cathode ;  these,  which  carry  by  far  the 
larger  part  of  the  arc  discharge,  bombard  the  anode  and  keep  it 
at  incandescence;  they  ionise  also  either  directly  by  collision  oi' 
indirectly  by  heating  the  anode,  the  gas  or  vapour  of  the  metal  of 
which  the  anode  is  made  producing  in  this  way  the  supply  of 
witive  ions  which  keep  the  cathode  hot.  It  will  be  seen  that 
i  essential  feature  in  the  discharge  is  the  hot  cathode,  as  this 
B  to  su[iply  the  carriers  of  the  greater  part  of  the  current  in  the 
;  the  anode  has  in  general  to  be  hot,  otherwise  it  could  nut 
'  the  positive  ions  which  keep  the  cathode  hot;  in  such  a 
(  that  of  a  third  electrode  put  in  the  arc  and  acting  as 
;  of  the  anodes  we  may  regard  the  diacWat^ib  as  Va-^wv^  vs*^ 
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anodes,  and  as  one  is  sufficient  to  keep  the  cathode  hot  we 
can  get  the  arc  to  pass  to  the  other  anode  even  although  it 
is  cold*. 

We  can  trace  the  transition  from  the  glow  to  the  arc  dischaige 
very  conveniently  by  using  as  cathode  a  lime-covered  platinum 
wire  heated  to  redness  by  an  electric  current  and  having  a  thenno* 
junction  fused  on  to  the  platinum  to  measure  the  temperature; 
the  anode  is  a  cold  metal  plate  and  the  gas  in  the  discharge  tube 
was  at  a  low  pressure.  The  electrodes  are  connected  up  with  a 
battery  of  cells,  and  the  number  of  cells  in  the  battery  gradually 
increased.  The  early  stages  when  the  number  of  cells  is  small 
has  already  been  described  (see  p.  477);  in  these  stages  the 
temperature  of  the  cathode  is  not  appreciably  increased  by  the 
current ;  if  the  number  of  cells  in  the  battery  is  steadily  increased 
a  stage  is  reached  when  the  temperature  of  the  cathode  begins  to 
increase ;  the  increase  in  the  current  through  the  tube  is  now  very 
rapid,  while  the  potential  difference  between  the  anode  and 
cathode,  in  spite  of  the  increase  in  the  electromotive  force  in  the 
rest  of  the  circuit,  falls  very  quickly ;  the  increase  in  the  tempera- 
ture of  the  cathode  and  the  current  through  the  tube  goes  on 
with  great  rapidity,  the  cathode  soon  gets  quite  hot  and  the 
current  rises  from  a  few  milli-amperes  to  several  amperes,  the 
potential  difference  between  the  cathode  and  anode  fiilling  to 
about  30  volts.  The  high  temperature  of  the  cathode  is  due  to 
its  bombardment  by  positive  ions;  at  this  stage  we  may  switch 
off  the  current  used  to  heat  the  cathode,  and  the  cathode  will 
remain  hot  and  the  arc  continue  to  pass. 

If  we  raise  by  the  current  the  temperature  of  the  cathode  to 
a  white  heat  before  applying  the  field  the  arc  will  begin  almost 
immediately ;  the  experiment  in  this  form  is  difficult  as  the  wire 
cathode  has  to  be  thin  if  it  is  to  be  made  hot  enough  by  the 
current  and  generally  melts  after  the  arc  has  passed  for  a  few 
seconds, 

320.  The  conditions  that  determine  the  current  when  a 
given  electromotive   force  acts  round  the  whole  circuit  of  the 

*  Stark,  in  a  paper  (Ann,  der  Phyt,  12,  p.  678,  1903)  pabUshed  almost  simol- 
taneoasly  with  the  first  edition  of  this  book,  gave  a  theory  of  the  are  which  in  its 
main  featnres  agrees  with  that  just  given.    See  also  Staric  and  Cassnto,  PAyi. 
Zeiti.  r.  p.  264, 1904 
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arc  are  that  the  work  supplied  to  the  cathode  and  anode  should 
be  suflScient  to  maintain  them  at  incandescence.  Although  we 
have  not  the  data  which  would  make  a  numerical  calculation 
possible,  yet  an  expression  in  an  analytical  form  of  these  con- 
ditions may  serve  to  make  the  preceding  theory  clearer  and  more 
definite. 

We  have  seen  that  the  number  of  corpuscles  emitted  in  one 
second  by  unit  area  of  a  hot  body  increases  very  rapidly  with  the 
temperature,  being  represented  with   considerable    accuracy   by 


iO 


a  formula  of  the  form  Aff^e  *,  where  0  is  the  absolute  temperature ; 
we  shall  call  this  function  f(0\  then  if  0  is  the  temperature  and 
6>i  the  area  of  the  luminous  part  of  the  cathode  the  number  of 
corpuscles  coming  from  the  cathode  in  one  second  is  equal  to 
oh/(0)-  If  i  is  the  current,  Uj,  i2,  the  velocities  of  the  positive 
and  negative  ions  under  unit  electric  force,  the  part  of  the 
current  carried  by  the  negative  ions  is  iJ,t7(iii  +  iJ,),  and  this 
when  divided  by  e,  the  charge  on  an  ion,  is  equal  to  the  number 
of  negative  ions  passing  a  section  of  the  arc  per  second ;  hence 
we  have 

7^r'»'-^<^) <i>- 

Let  us  now  consider  the  temperature  equilibrium  of  the 
cathode.  Let  o)i<l>{0)  be  the  rate  at  which  it  is  losing  heat  by 
radiation  and  conduction,  w  the  work  expended  when  the  cathode 
emits  one  corpuscle,  then  to  maintain  thermal  equilibrium  the 
rate  at  which  energy  must  be  given  to  the  cathode  is 

this  work  has  to  be  supplied  by  the  positive  ions  coming  up  to 
the  cathode  in  unit  time ;  the  number  of  such  ions  is 

Ri  +  R%6 
We  shall  suppose  that  the  energy  they  possess  is  got  in  passing 
through  the  fall  of  potential  at  the  cathode;  let  this  fall  be 
denoted  by  J?o,  then  equating  the  rate  at  which  energy  is  com- 
municated to  the  cathode  to  the  rate  at  which  the  cathode  is 
losing  energy  we  get 
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""^  ^''iR,^"^   R^--r (*>• 

Let  01  be  the  temperature  and  a>s  the  area  of  the  hot  part  of 
the  anode,  0)9^(^1)  the  rate  at  which  it  is  losing  energy  by 
radiation,  conduction,  and  vaporisation,  W  the  amount  of  work 
required  to  produce  a  positive  ion. 

The  number  of  positive  ions  produced  in  unit  time  is 

IC  +  Rte' 
thus  the  work  absorbed  per  second  at  the  cathode  is 

The  number  of  negative  ions  striking  against  the  anode  in 
unit  time  is 

B.     i. 

let  us  suppose  that  the  energy  with  which  they  strike  against 
the  anode  is  that  due  to  passing  through  the  anode  fall  of 
|)otential  jS,  ;  equating  the  rate  at  which  the  anode  is  losing 
energy  to  that  at  which  it  is  gaining  it  we  have 

t.„.  ^.  =  Z|.^±^o^^ ,,,, 

^1 ,  as  we  have  seen,  does  not  depend  on  the  current  but  only  on  the 
material  of  which  the  anode  is  made. 

If  E  is  the  external  electromotive  force  acting  on  the  circuit, 
R  the  resistance  of  the  leads,  then  E  —  Ri  is  the  potential 
difference  between  the  arc  terminals;  when  the  arc  is  so  short 
that  we  may  neglect  the  changes  in  potential  along  the  arc,  apart 
from  those  at  the  anode  and  cathode,  this  difference  of  [K)ti*ntial 
is  equal  to  E^-\-  E^]  hence  we  have 

E-Ri  =  Eo  +  Ei (4); 

thus  we  have  four  equations  (1),  (2),  (3),  and  (4)  to  determine  the 
four  quantities  0,  i,  Eq,  and  Ei, 

Mrs  Ayrton  has  shown  that  Wf  the  area  of  the  crater  is  a  linear 
fiinction  of  the  cutreiiXi  and.  m^^  'H^  T^^ft^ai^wWL  by  an  equation  of 


320-321] 


«^IT 


the  form  mi^a-rhiz  if  »  foilkws  i3»e  siae  kw  tiien  ^luoioosi  ^:i\ 
and  (3)  soggest  dtaz  E^-i-E.  wlD  be  of  ibe  fcrm  a-^  ;  .  whiHv^ 


a  and  fi  are  independem  «f  u  and  tiiis  is  in  aorardaiice  with  iho 
results  of  the  expenmenis  made  on  the  i^lauon  between  the 
current  through  the  arc  and  the  potential  didkf>eiicie  between  ii^ 

terminals. 


^'aldng 


^=iii+«  +  ? 


.15V 


we  see  that  the  graph  repres^iting  this  relation  is  a  hyperbola, 
E  has  a  minimum  value  at  the  point  A,  this  value  is 

2V/9fi  +  cL 

The  portion  of  the  graph  to  the  left  of  A  corresponds  to  an  \uistnblo 
state,  for  suppose  the  current  is  changed  from  t^  to  f«  +  «r  and 


o 
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Fig.  188. 


that  there  is  self-induction  L  in  the  external  circuit,  hit  K'  b<*  Un* 

steady  electromotive  force  due  to  batteries,  &c.,  in   thJM  (;ir(!iiit, 
then  from  (5)  we  have 

at  h-^o^ 


or  when  x  is  small 


-L 


dx 
di 


or 
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Now  to  the  left  of  A,—^  —  RiB  positive,  hence  w  will  increase 

indefinitely  with  t  cuid  the  current  will  be  unstable ;  to  the  right 
of  A  this  quantity  is  negative  and  x  will  diminish  to  sero  as  the 
time  increases,  the  current  under  these  conditions  will  be  stable. 
Thus  for  stability  the  current  cannot  be  less  than  its  value  at  A, 

i.e,  (/3/Ry,  hence  if  tn»  is  the  minimum  current,  Em  the  minimum 
external  electromotive  force,  we  have 

t«=(i8/iJ)4, 

or  if  the  external  electromotive  force  is  E  the  arc  will  go  out  if 
the  resistance  R  in  the  external  circuit  is  greater  than 

4^/3     ' 

Thus  as  one  numerical  example  let  us  take  the  case  of  the 
arc  6  mm.  in  length  for  which  the  curve  representing  the  relation 
between  the  current  through  the  arc  and  the  potential  difference 
between  the  terminals  is  represented  in  Fig.  185,  page  106 ;  from 
the  curve  we  find  that  fi  =  3*4  x  10*  in  absolute  measure ;  we  may 
take  a  as  about  40  volts,  or  in  absolute  measure  4  x  10*,  if  E  the 
electromotive  force  in  the  external  circuit  is  80  volts  or  8  x  10* 
absolute  units ;  we  find  that  the  arc  will  go  out  if  the  resistance 
is  gi'eater  than 

16  X  10" 


4  X  3-4  X  108 


=  1-2  X  10^°  =  12  ohms. 


322.     Another  way  of  treating  the  problem  of  the  arc  graphically 
is,  instead  of  tracing  the  curve 

E  =  Ri  +  F(i), 

where  F({)  is  the  potential  difference  between  the  terminals  of  the 
arc  when  it  is  carrying  the  current  i,  to  trace  the  curve 

and  the  straight  line 

y=:E-Iti; 

if  these  intersect  in  two  points  P  and  Q  (Fig.  189)  we  can  show  as 
before  that  the  state  corresponding  to  P  is  unstable,  and  that  the 
current  under  the  given  external  electromotive  force  and  resistance 
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is  represented  by  the  abscissa  of  the  point  Q;  if  the  resistance  is  too 
great  the  line  may  not  cut  the  curve  at  all,  while  if  it  is  too  small 
the  point  Q  may  be  so  far  away  that  the  corresponding  value  of 
the  current  may  be  too  great  for  a  silent  arc  and  a  hissing  arc  will 
necessarily  be  formed. 


CURRENT 


Fig.  189. 

The  minimum  current  for  a  given  external  resistance  is  got 
by  finding  the  point  S  when  the  tangent  to  the  curve  is  parallel 
to  the  line  y  =  —  Ri.  The  current  at  S  is  the  minimum  current, 
and  the  value  of  OT,  T  being  the  point  where  the  tangent  at  S 
intercepts  the  axis  i  =  0,  is  the  minimum  external  electromotive 
force. 

To  find  the  maximum  value  of  R  for  which  the  arc  can  exist 
under  a  given  external  electromotive  force  Ei  take  ON=E^,  and 
fi-om  N  draw  a  tangent  to  the  curve ;  let  this  tangent  cut  the 
axis  y  =  0  in  if,  then  ON/OM  is  the  required  resistance. 

Hissing  Arcs, 

323.  When  the  current  is  increased  beyond  a  certain  value, 
the  potential  difference  between  the  terminals  falls  in  the  case  of 


#K 
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carbon  electrodes  by  about  8  or  10  volts  and  does  not  change  when 
the  current  is  increased;  when  in  this  state,  the  arc  emits  a  hissing 
sound.  Mrs  Ajrrton*,  who  has  made  a  dtudy  of  the  hissing  arc, 
has  shown  that  it  occurs  when  the  incandescence  of  the  anode 
covers  such  a  large  area  that  it  expands  beyond  the  crater  up  the 
sides  of  the  terminal :  see  Fig.  184,  c  cmd  a,  which  represent  the 
appearance  of  the  arc  in  the  hissing  and  quiet  stages.  The  hissing 
of  the  arc  is  closely  connected  with  the  oxidation  of  the  terminal 
by  the  air ;  for  when  the  incandescence  extends  up  the  sides  of  the 
carbon,  the  glowing  carbon  is  no  longer  completely  protected  by 
the  carbon  vapour  from  oxidation.  It  is  then  that  the  arc  hisses. 
Mrs  Ajrrton  has  shown  that  if  the  arc  is  formed  in  a  closed  vessel 
an  increase  of  current  ceases  to  make  it  hiss  as  soon  as  the  oxygen 
in  the  vessel  has  been  burnt  up ;  whenever,  however,  fresh  oxygen 
is  introduced  into  the  vessel  the  hissing  recommences. 

We  can  see  why  chemical  combination  should  tend  to  diminish 
the  potential  difference  between  the  terminaLs  of  the  arc,  for  the 
heat  evolved  by  the  burning  of  the  terminals  would  tend  t^) 
maintain  them  at  incandescence,  so  that  the  whole  of  the  energy 
required  for  this  pui'pose  would  no  longer  have  to  be  supplied  by 
the  electric  field. 

Trotterf  has  shown  that  parts  of  the  arc  are  in  rapid  motion 
in  the  unstable  state  between  the  hissing  and  the  quiet  arc. 

Effect  of  a  magnetic  field  on  the  arc. 

324.  The  arc  is  deflected  by  a  magnetic  field  in  the  same 
direction  as  a  flexible  conductor  would  be  if  it  carried  a  current 
flowing  in  the  same  direction  as  that  through  the  arc.  The  curved 
course  corresponds  to  a  longer  path  and  the  effect  of  the  magnetic 
field  on  the  potential  difference  is  of  the  same  character  as  an 
increase  in  the  length  of  the  arc,  and  just  as  it  is  possible  to 
extinguish  an  arc  by  increasing  its  length,  so  the  arc  can  be  blown 
out  by  the  application  of  a  strong  magnetic  field. 


•  Mra  Ayrton,  The  Electric  Arc. 

t  Trotter,  Proc.  Roy.  Soe.  Ivi.  p.  262,  ISW. 
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326.  So  many  observations  have  been  made  on  these  rays, 
and  such  important  conclusions  drawn  from  them,  that  it  is  con- 
venient to  devote  a  separate  chapter  to  their  consideration.  We 
have  abready  in  Chapter  XTI  discussed  the  reflection  and  absorp- 
tion of  these  rays,  in  this  Chapter  we  shall  consider  their  other 
properties  and  the  methods  by  which  they  are  produced. 

The  cathode  rays  were  discovered  by  Plucker*  in  1859;  he 
observed  on  the  glass  of  a  highly  exhausted  tube  in  the  neighbour- 
hood of  the  cathode  a  bright  phosphorescence  of  a  greenish-yellow 
colour.  He  found  that  these  patches  of  phosphorescence  changed 
their  position  when  a  magnet  was  brought  near  to  them,  but 
that  their  deflection  was  not  of  the  same  nature  as  that  of  the  rest 
of  the  discharge  which  we  have  seen  he  had  carefully  studied. 
Plucker  ascribed  the  phosphorescence  to  currents  of  electricity 
which  went  from  the  cathode  to  the  walls  of  the  tube  and  then 
retraced,  for  some  reason  or  another,  their  steps. 

The  subject  was  next  taken  up  by  Pllicker's  pupil  Hittorff , 
to  whom  we  owe  the  discovery  that  a  solid  body  placed  between 
a  pointed  cathode  and  the  walls  of  the  tube  casts  a  well-defined 
shadow,  the  shape  of  the  shadow  only  depending  upon  that  of 
the  body,  and  not  upon  whether  the  latter  be  opaque  or  trans- 
parent, an  insulator  or  a  conductor.  This  observation  was  con- 
firmed and  extended  by  Goldsteint,  who  found  that  a  well-marked, 
though  not  a  very  sharply  defined  shadow  was  cast  by  a  small 
body  near  the  cathode,  whose  area  was  much  greater  than  that  of 
the  body:  this  was  a  very  important  observation,  for  it  showed 

•  Piacker,  Pogg.  Arm.  107,  p.  77, 1869;  116,  p.  46, 1862. 
t  Hittorf,  Pogg.  Ann.  136,  p.  8,  1869. 
t'Ooldsteiii,  Berl  Monat.  p.  284,  1876. 


622  CATHODE  RATS.     .  [XII 

that  the  rays  producing  the  phosphorescence  came  in  a  definite 
direction  from  the  cathode.  If  the  cathode  were  replaced  by  a 
luminous  disc  of  the  same  size  no  shadow  would  be  cast  by  a 
small  object  placed  near  it,  for  though  the  object  might  interoepl 
the  rays  which  came  normally  fit>m  the  disc,  yet  enough  light 
would  be  given  out  sideways  by  other  parts  of  the  disc  to  junevent 
the  shadow  being  well  marked.  Goldstein,  who  introduced  the 
term  '  Eathodenstrahlen '  for  these  rays,  regarded  them  as  waves 
in  the  ether,  a  view  which  received  much  support  in  Germany. 
A  very  different  opinion  as  to  the  origin  of  the  rays  was  expressed 
by  Varley*,  and  later  by  Crookesf,  who  advanced  many  and 
weighty  arguments  in  support  of  the  view  that  the  cathode  rays 
were  electrified  particles  shot  out  from  the  cathode  at  right  angles 
to  its  surface  with  great  velocity,  causing  phosphorescence  and 
heat  by  their  impact  with  the  walls  of  the  tube,  and  suffering  a 
deflection  when  exposed  to  a  magnetic  field  by  virtue  of  the 
charge  they  carried.  The  particles  in  this  theory  were  supposed 
to  be  of  the  dimensions  of  ordinary  molecules;  the  discovery 
made  by  Hertz  J  that  the  cathode  rays  could  penetrate  thin  gold- 
leaf  or  aluminium  was  difficult  to  reconcile  with  this  view  of  the 
cathode  rays;  although  it  was  possible  that  the  metal  when  ex- 
posed to  a  torrent  of  negatively  electrified  particles  acted  itself 
like  a  cathode  and  produced  phosphorescence  on  the  glass  behind. 
The  measurements  described  in  Chapter  V.  of  the  mass  of  the 
particles  carrying  the  charge  show  that  though  the  cathode  rays 
do  consist  of  negatively  electrified  particles,  the  particles  are  not 
<^f  the  dimensions  of  even  the  smallest  molecules,  having  a  mass 
only  about  one-thousandth  part  of  that  of  a  molecule  of  hydrogen. 
We  shall  now  proceed  to  describe  the  properties  of  the  cathode 
rays  in  detail,  beginning  with  that  which  led  to  their  discover)', 
viz.  the  phosphorescence  they  produce  when  they  fidl  on  solids. 

326.  The  colour  of  the  phosphorescent  light  they  produce 
when  they  fall  on  glass  depends  upon  the  nature  of  the  glass; 
thus  with  soda  glass  the  light  is  yellowish-green,  with  lead  glass  it 
is  blue.  A  very  large  number  of  bodies  become  phosphorescent 
when  exposed  to  these  rays;  indeed,  this  phosphorescence  oft^n 

♦  Varley,  Proc.  Roy.  Soc.  lux.  p.  236,  1871. 

t  CrookeB,  Phil,  Trans.  Pt.  1. 1879,  p.  136;  Pt.  n.  1879,  p.  641. 

X  Hertz,  Wied,  Ann,  xlv.  p.  28, 1892. 
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affords  a  ci>aTement  means  for  detecting  the  niyH:  i\n  ])h()H|>hor- 
escence  is  rerv  easily  excited  in  potassium  platino-ryiuii(l<*  n 
screen  of  this  substance  is  often  used  to  detect  ihv  niyH.  Thr 
spectrum  of  the  light  given  out  by  bodies  when  phoHphorrHcin^ 
under  bombardment  by  these  rays  is  generally  a  contiimoiiH  oiir. 
Sir  William  Crookes*  has  shown  that  when  the  CiithfKle  niys  fall 
on  some  of  the  rare  earths,  such  as  yttrium,  the  sulwtarK^r  ^ivrs 
out  a  spectrum  with  bright  bands;  he  has  foundiKl  on  thJH  oIihit- 
vation  a  spectroscopic  method  which  is  of  the  grc^^itcHt  iiii|H)rtaii('r 
in  the  studv  of  the  rare  earthst.  These  earths  an-  liiiiiinoiis 
when  raised  to  a  high  temperature  as  in  the  inaiitl<>H  of  WcInImu'Ii 
burners;  there  is,  however,  a  marked  dittli.Tencc  Ixftwi-en  thr 
incandescence  produced  in  this  way  and  that  pn^luced  by  catluxif* 
rays:  thus  in  the  Welsbach  burner  the  aildition  of  I  ptT  e<*rit.  of 
ceria  to  thoria  increases  the  lumimmity  elevenfold  ;lm  rroiiipand 
with  that  of  pure  thoria.  Campbell  Swint^m^  htm  Hhown,  however, 
that  it  produces  no  appreciable  change  in  the  luininf>Mity  iindt  r 
cathode  rays:  again,  in  the  flame  pure  c<:ria  givt^s  al>oiit  ;ls  nnieh 
light  as  pure  thoria,  while  under  cathfKle  rays  pure  thoria  ^ivw*. 
a  brilliant  light,  and  pure  ceria  practically  no  light  at,  all. 

327.     The  impact  of  the  cathfxJe  rays  pnxiurei  in  som*-  erwi 
verj' definite  chemical  changes;  thuM  OolrJHtein'j  has  mIiowo  f.liat 
the  haloid  salts  of  the  alkali  metal.s  ehan;^'*  fu>\n\ir  when  <<|h>-.<-H 
to  the  rays;  thus  for  example,  ciysbils  of  n^-k  salt,  a^'/juin-  iiri«hi 
the   rays  a   beautiful    violet   tint;   thin    tint,    in    not    p<-rrrian<  nt. 
though  under  certain  circuniMtances  the  rate  of  d«eay  i  •.  <'.(;*<d 
ingly  slow:  thus  there  are  at  the  Cavendi-.h  f^ihorat,/ir v   .oro*-  of 
these  crystals,  which,  cr>rked  up  in  a  te-it  Ui\h:  Imt  not,  k*jit.  in  th* 
dark,  have  retained  a  strong  ry>lorat.ion  for  rnon-  t.lian  ■:«  ,- n  y.u  • 
exposure  to  moisture  cau.s^.'S  the,   eolour   to    Uu\'-   aw;iy    r;iipi/jly 
Lithium  chloride  is  esTjeciallv  eaHilv  ^^olound  .  if  ;i  fi«afn  of  /  iitli',*!* 

M  t0  w* 

rays  is  slowly  movefl  over  the  vilt  hy  a  unyytiti  t.fi»-  j^iiff,  /,f  if,/ 
beam   traces  out  a  f>>loured  l>and  om-t   t.f,#-   i-.iirf.i/.i    «,f   ii,/    ...t\\ 
Similar  changes  in  colour  e,;in  U:  pni^Jor-'-/)  f,y  ^l.«roi/.il   oh  .lo-: 
thus  if  sodium  chloride  i^  h^^t^-d  up  with  •^'i^liurri  -/'iffHo   ii.  ^'  i 
Coloured  in  much  the  same  way  ;i>»  if  it.  w/.f  */^^,^ut\  »./#  #.iifii,*l/ 

•  Crookei,  Phil.  Traru.  Ft.  u.  \'<I'a.  p.  fAi 

t  Ibid.  Pt.  in.  1AH3;  f't.  n,  H^HT^. 

X  C«mpbeU  Hwint/>n,  /V^^.  l(/nf   Hf^.\*f  p   \\i^,  I'ff^t 

f  Goldstein.  n'i^4,  Amn.  liv.  p.  VI  \    lifm 
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rays;  the  coloured  salt  is  also  produced  at  the  cathode  in  the 
electrolysis  of  haloid  salts.  The  coloured  salt  also  occurs  natife. 
According  to  E.  Wiedemann  and  Schmidt*  the  coloration  is 
due  to  the  formation  of  a  sub-chloride.  Elster  and  Geitelf 
discovered  that  these  coloured  salts  are  very  photo-electric,  dis- 
charging negative  electricity  when  exposed  to  light ;  behaving,  in 
£eu^t,  as  if  they  contained  traces  of  the  free  metal.  The  glass  of  a 
vacuum  tube  also  acquires  a  violet  tint  after  long  use. 

328.  The  power  of  the  glass  to  phosphoresce  is  deadened  by 
long  exposure  to  cathode  rays :  this  is  very  beautifully  shown  in 
an  experiment  made  by  Crookes^;  the  shadow  of  a  mica  cross 
was  thrown  upon  the  walls  of  the  tube ;  after  the  discharge  had 
been  running  for  some  time  the  cross  was  shaken  down  or  a  new 
cathode  in  a  different  part  of  the  tube  was  used ;  the  pattern  of 
the  cross  could  still  be  traced  on  the  glass,  but  it  was  now  brighter 
than  the  rest  of  the  glass  instead  of  darker  as  before.  The 
portions  outside  the  original  pattern  got  tired  by  the  bombard- 
ment, and  so  in  the  second  part  of  the  experiment  phosphoresced 
less  brightly  than  the  portions  inside  the  original  shadow  which 
were  now  bombarded  for  the  fii-st  time.  Crookes  found  that  this 
change  in  the  phosphorescence  of  the  glass  persisted  even  after 
the  glass  had  been  fiised  and  again  allowed  to  cool. 

329.  Villard§  found  that  cathode  rays  exert  a  reducing  action; 
thus  if  they  fall  upon  an  oxidised  copper  plate,  the  part  exposed  t-o 
the  rays  becomes  bright.  In  considering  the  chemical  effects  pnv 
duced  by  the  rays  we  ought  not  to  forget  that  the  incidence  of 
the  rays  is  often  accompanied  by  a  great  increase  in  temperature, 
juid  that  some  of  the  chemical  changes  may  be  secondary  effect^ 
due*  to  the  heat  produced  by  the  rays.  Platinum  after  long 
exposure  to  the  rays  gets  covered  with  platinum  black. 

Thei^noluminescence, 

330.  In  some  cases,  even  when  no  visible  coloration  is  produanl, 
the  behaviour  of  the  body  after  exposure  to  the  rays  shows  that  it 

*  Wiedemann  aud  Schmidt,  Wied,  Amu  liv.  p.  262,  1895;  Ixiv.  p.  78, 1898. 
t  Elster  and  CJeitel,  Wud.  Ann.  lix.  p.  487, 1896. 

*  Crookes,  Phil.  Trans.  Pt.  ii.  p.  64.5,  1879. 

§  Villard,  Journal  de  Phynque,  8»«  S^e,  t.  viii.  p.  140,  1899. 
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has  been  changed.  A  very  striking  instance  is  the  case  called  by 
E  Wiedemann*  '  Thermoluminescence/  Some  bodies,  after  ex- 
posure to  cathode  rays,  are  found  to  possess  for  some  time  the  power 
of  becoming  luminous  when  their  temperature  is  raised  to  a  point 


Substanoe 


CaSO^ 

CaS04+xMnS04 

SrSO^ 

SrS04+xMnS04  

BaSO* 

BaS04+j:MnS04 

MgSO*    

MgS04+lVoMnS04... 

ZnSO* 

ZnS04+lVoMnS04... 

Na,S04   

NajS04+0-6«/oMnS04 

CdS04 

CdS04+l»/oMnS04... 

CaFl,  

CaFla+^rMnFlj 


Cathode 
phosphoresoence 


faint  yellowish 
intense  green 


none 

bright  red 

faint  dark  violet 

dark  blue 

red 

intense  dark  red 

bright,  white 

intense  red 

bluish 

intense  brown- 
ish yellow 
yellow 

intense  yellow 

faint  bluish 

intense  green 


After-gloT 


none 
strong  green 

•  •  • 

perceptible 

•  >• 

faint 

perceptible 

persistent 

persistent 

very  persistent 

faint 

strong 

persistent 

very  persistent 

very  faint 

persistent 


Thermo- 
lominescence 


none 

intense  green 

•  •• 

perceptible 

••• 
very  faint 

feeble 

intense  red 

white 

very  strong  red 

bright 
bright  yellow 
bright  yellow 
intense  yellow 

faint 
intense  green 


£Eir  below  that  at  which  they  become  luminous  when  in  their  normal 
state ;  they  retain  this  property  for  weeks,  and  even  months,  after 
exposure  to  the  rays.  The  substances  in  which  this  property  is 
most  highly  developed  belong  to  the  class  of  bodies  called  by 
Van  't  HoflFf  solid  solutions;  these  are  formed  by  precipitating 
simultaneously  from  a  solution  two  salts,  one  greatly  in  excess 


*  E.  Wiedemann  and  Schmidt,  Wied,  Ann.  liv.  p.  604,  1S95. 
t  Van  't  Hoff,  Zeit$chr.f.  pkygik.  Ckmn.  t.  p.  823, 1S90. 
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of  the  other.  The  influence  of  a  slight  trace  of  a  second  substance 
on  the  phosphorescence  produced  while  the  rays  are  playing  od 
the  substance,  the  after-glow,  which  lingers  for  a  time  after  the 
rays  are  stopped,  and  the  thermoluminescence  is  shown  by  the 
preceding  table,  due  to  K  Wiedemann  and  Schmidt*.  By  the 
symbol  CaS04 -f  ^ MnS04  is  meant  a  'solid  solution'  of  a  trace 
of  MnS04  ui  a  matrix  of  CaS04. 

The  '  Entladungstrahlen '  (see  p.  602)  also  give  rise  to  thermo- 
luminescence, as  Wiedemann  found  that  any  of  the  preceding 
substances  showed  thermoluminosity  if  sparks  were  produced 
close  to  them. 

331.  We  may  compare  the  after-glow  observed  with  these 
solids  with  that  which  is  observed  when  the  electric  discharge 
passes  through  certain  gases  which  are  found  to  remain  limiinous 
for  a  considerable  time  after  the  discharge  has  passed  through 
them.  It  is  not  necessary  that  the  discharge  should  consist  of 
cathode  rays;  most  kinds  of  discharges  will  produce  this  after- 
glow if  the  pressure  is  suitable ;  it  is  exceptionally  conspicuous 
in  electrodeless  discharges  and  is  especially  well  developed  in 
oxygen  and  cyanogen,  gases  which  polymerise  with  great  ease. 
I  think  there  are  strong  reasons  for  believing  that  the  after-glow 
is  very  closely  connected  with  the  power  some  gases  possess  of 
polymerising  and  forming  complex  molecules;  and  that  the  gradual 
return  of  the  gas  from  its  polymerised  to  its  normal  form  is  accom- 
panied by  the  emission  of  light. 

332.  Like  the  thermoluminescence  of  solids,  the  after-glow  in 
gases  seems  to  be  increased  by  the  presence  of  small  quantities  of 
impurities;  thus  it  is  brighter  in  oxygen  with  a  little  nitrogen 
than  in  pure  oxygen.  Newallf  discovered  a  very  remarkable 
eflfect  connected  with  the  after-glow  in  oxygen;  he  found  that  with 
the  electrodeless  discharge  the  after-glow  was  only  developed  when 
the  pressure  was  between  the  limits  '6  mm.  and  '01  mm.  If  the 
discharge  is  sent  through  the  gas  at  a  pressure  not  between  these 
limits,  there  is  no  glow,  but  if  after  the  discharge  has  ceased  the 
pressure  is  altered  so  as  to  come  within  the  limits  the  gas  at  once 
begins  to  glow,  suggesting  that  the  polymerised  form  is  stable,  u 

*  Wiedemann  and  Schmidt,  Wied.  Ann.  Ivi.  p.  aOl,  1896. 
t  NewaU,  Proc.  Camb.  PkiL  Soe.  iz.  p.  296, 1S97. 
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does  not  go  back  into  the  normal  form  except  between  the  limits 
"6  mm.  and  '01  mm.  It  may  be  mentioned  that  this  is  the  region 
of  pressure  in  which  some  observers,  though  not  all,  have  observed 
large  departures  from  Boyle's  law. 

In  the  case  of  phosphorescent  solids  and  liquids  we  may 
regard  the  phosphoresence  as  arising  in  the  following  way.  The 
cathode  rays  or  Entladungstrahlen  ionise  the  substance,  causing 
complex  substances  to  be  formed  which  phosphoresce  as  they 
break  up  into  their  original  constituents ;  some  of  these  complex 
molecules  are  unstable  at  the  temperature  of  the  room  and  at. 
once  begin  to  decompose,  giving  rise  to  the  after  phosphorescence^ 
of  the  glass,  etc. ;  others  are  stable  at  ordinary  temperatures,  but. 
are  unstable  and  decompose  at  high  temperatures ;  these  produce 
thermoluminescence. 

333.  M^Clennan*  has  shown  that  some  salts,  especially  the 
sulphates  of  potassium,  barium,  strontium  and  calcium,  after  ex- 
posure to  cathode  rays,  or  to  the  radiation  from  a  spark,  possess 
the  power  of  discharging  a  positively  electrified  body  placed 
near  them  in  a  gas  at  low  pressure,  behaving  in  fact  as  if 
they  were  photo-electric  bodies  exposed  to  the  action  of  ultra- 
violet light,  i,e.  they  emit  slowly  moving  negatively  electrified 
corpuscles.  M^Clennan  made  experiments  to  show  that  there 
was  no  emission  of  ultra-violet  light  from  the  heated  salts.  There 
does  not  seem  to  be  any  connection  between  the  powers  of  salts  to 
produce  the  efiect  discovered  by  M^'Clennan  and  their  power  of 
producing  thermoluminescence :  as  M*'Clennan  found  that  many 
salts  which  glowed  strongly  when  heated  did  not  give  his  efiect, 
which  was  given  by  some  salts  which  hardly  showed  any  thermo- 
luminescence. 

Thermal  effects  produced  by  the  rays, 

334.  The  cathode  rays  heat  bodies  on  which  they  fall,  and  if 
the  rays  are  concentrated  by  using  a  portion  of  a  hollow  cylinder 
or  spherical  shell  as  a  cathode,  platinum  may  be  raised  to 
incandescence,  thin  pieces  of  glass  fused,  and  the  surface  of  a 
diamond  charred. 

*  M«Clennan,  Phil,  Mag.  ▼!.  3,  p.  195,  1902. 
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Measurements  of  the  amount  of  heat  developed  by  the  rajs 
have  been  made  by  K  Wiedemann  and  Ebert*,  K  Wiedemaimt, 
and  Ewers^.  A  simple  example  will  give  some  idea  of  tiie 
amount  of  energy  carried  by  the  rays.  If  n  is  the  numto 
of  corpuscles  striking  a  body  in  unit  time,  m  the  mass  of  ft 
corpuscle,  and  v  its  velocity,  then  B  the  energy  possessed  by  die 
corpuscles  striking  the  body  in  unit  time  is  ^mt^ ;  if  all  tlie 
corpuscles  coming  from  the  cathode  are  caught  by  the  body  and 
e  is  the  charge  on  a  corpuscle,  then  ne^I,  the  current  earned 

by  the  corpuscles ;  thus  Esm  ^/~  t^:  now  10^  amperes  is  not  an 

exceptionally  high  value  for  J,  and  if  v  =  5  x  10^  cm./sec.  we  get, 
since  m/e  =  6  x  10"*,  E^  12*5  x  10";  thus  the  energy  possessed  by 
the  corpuscles  striking  the  body  per  minute  would  be  about  one 
caloiy. 

336.  The  impact  of  the  corpuscles  does  more  than  heat  the 
body,  it  makes  it  phosphoresce,  it  produces  R5ntgen  rays,  and 
causes  the  body  to  emit  cathode  rays.  Interesting  information  is 
afforded  by  measuring  the  heat  produced  by  the  cathode  rays, 
and  also  the  charge  of  electricity  brought  to  the  body  by  the 
rays;  such  measurements  have  been  made  by  the  author§,  and 
later  in  greater  detail  by  Cady||.  Cady's  method  was  to  measure 
(1)  the  heat  produced  in  a  bolometer  strip  against  which  the  rays 
struck,  and  (2)  the  negative  charge  acquired  by  the  bolometer 
per  second ;  the  latter,  it  is  important  to  notice,  need  not  be 
the  same  as  the  charge  carried  by  the  corpuscles  striking  the 
body  in  one  second,  for  some  of  the  corpuscles  may  rebound  from 
the  body  without  giving  up  a  charge,  or  the  impact  of  the  rays 
may  cause  the  body  to  give  out  cathode  rajrs,  carrying  from  i* 
a  negative  charge,  or  positively  electrified  atoms,  giving  to  it  an 
additional  negative  charge ;  thus  if  /  is  the  charge  carried  by  the 
corpuscles,  i  that  acquired  by  the  bolometer  per  second,  then  /  ^ 
not  necessarily  the  same  as  i.  If  F  is  the  potential  difference 
between  the  electrodes  in  the  tube,  then  the  energy  carried  by 
the  corpuscles  is  VI,    Cady  measured  the  ratio  of  Vi  to  Q  the 

*  Wiedemann  and  Ebert,  SiU.  der  phys,  med.  Soc,  Erlangen,  Dec  1891. 

t  E.  Wiedemann,  Wied.  Ann,  Izvi.  p.  61, 1898. 

X  Ewers,  Wied,  Ann,  Iziz.  p.  167,  1899. 

§  J.  J.  Thomson,  Phil.  Mag,  t.  44,  p.  293,  1893. 

jl  Cady,  Drudei  Amu  i.  p.  ^IS.  1900. 
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mechnnical   equivalent  of  the  heat  developed  in  unit  time;   he 

found  that  this  ratio  depends  greatly  upon  the  value  of  i ;  as  long 

Lbb  %  is  large  it  is  greater  than  unity,  diminishing  as  i  diminishes ; 

itirben  i  gets  very  small  (less  than  10"''  ampferes),  the  ratio  becomes 

conBtant  and  equal  to  -83 ;  as  the  ratio  is  less  than  unity  it  follows 

that  there  is  an  emission  of  negative  electricity  from  the  bolometer, 

either  by  the  reflection  of  the  cathode  mys,  or  by  the  emissioa  of 

secondary  cathode  rays  from  its  surface.     We  have  seen  that  the 

■■ineaeurement  of  i  and   V  does  not  givo  the  energy  reaching  the 

nriacc  through  the  cathode  rays ;  a  slight  modification  of  the  ex- 

leriment  would,  however,  give  the  data  by  which  this  energy  could 

I  determined;  all  that  is  necessary  would  be  to  surround  the 

^twlometer  by  an  insulated  Faraday  cylinder,  into  which  the  rays 

B  admitted  through  a  small  opening,  and  then  to  measure  the 

Aatge  received  by  this  cylinder  in  unit  time. 

E,  Wiedemann*  has  shown  that  the  energy  spent  in  pro- 
ducing phosphorescence  is  but  a  small  fraction  of  the  incident 
energy. 

Mechanical  effects  produced  by  tlie  rays. 

A  secondary  result  of  the  thermal  effects  produced  by 
ihe  rays  are  the  very  interesting  mechanical  effects  which  have 
jen  especially  studied  by  Crookesf  and  PuluzJ,  A  typical 
pie  of  these  is  afforded  by  the  well-known  experiment  due  to 
xtkes  represented  in  Fig.  190,  where  the  asle  of  a  very  light 


^11  with  a  series  of  vanea  is  mounted  on  glaas  rails,  in  a  vacuum 
falbe ;    when  the  discharge  passes  through  the  tube  the  cathode 
lays  strike  against  the  upper  vanes  and  the  wheel  rotates  and 
'ela  from  the  negative  to  the  positive  end  of  the  tube, 

•  E.  Wiedemann,  Wild.  .IriH.  Iivi.  p.  61.  1S96. 
\  Crrakot,  Phil.  Traju.  MTV.  pi.  i.  p.  152. 

I,  Rt^ianl  Ekeirodt  ilattcT.   Pbjiicsl  Sodety'sBeprintoCMeuoin.  p.  975. 
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A  simple  calculation  will  show  that  we  cannot  ascribe  the 
rotation  to  the  momentum  communicated  to  the  vanes  by  the 
impact  of  the  corpuscles  against  them ;  for,  take  the  case  when 
the  rays  are  so  powerful  that  they  carry  the  very  large  current  of 
10""*  amperes,  and  that  they  move  with  the  very  high  velocity  of 
10^®  cm./sec. :  if  i\r  is  the  number  of  corpuscles  striking  a  sorbce 
in  unit  time,  m  the  mass  of  the  corpuscles ;  then  supposing  the 
corpuscles  to  rebound  fix)m  the  surface  with  a  velocity  equal  to 
that  with  which  they  impinge  against  it,  the  momentum  commu- 
nicated to  the  surface  in  unit  time  is  2NmlW^ ;  if  e  is  the  charge 
carried  by  a  corpuscle,  then  Ne  is  the  current  carried  by  the  rays, 
in   our  case   10~*  in  absolute   measure;   hence  the   momentmn 

communicated  to  the  surfistce  per  second  is  equal  to  2  — 10*  dynes, 

or  as  m/e  =  6  x  10"*,  to  2  x  10""*  dynes :  this  is  equivalent  to  a 
difference  of  pressure  on  the  two  sides  of  a  vane  1  sq.  cm.  in  area 
of  one-five-hundred-millionth  part  of  an  atmosphere ;  an  effect 
altogether  too  small  to  explain  the  movement  of  a  body  such  as 
that  represented  in  Fig.  190.  This  movement  is  probably  due 
to  an  effect  similar  to  that  observed  in  a  radiometer,  as  the 
impact  of  the  cathode  rays  will  make  one  side  of  the  vanes 
much  hotter  than  the  other.  Starke*  has  shown  that  when  the 
vanes  are  arranged  so  that  the  radiometer  effect  is  eliminated,  the 
mechanical  effect  is  exceedingly  small — in  his  experiments,  where 
the  current  carried  by  the  cathode  rays  was  10~^  amperes  and  the 
potential  difference  10,000  volts — certainly  less  than  10~*  dynes. 

Electric  charge  carried  by  the  cathode  rays, 

337.  The  fact  that  the  cathode  rays  carry  a  negative  charge 
of  electricity  was  proved  in  a  very  direct  way  by  Perrinf.  Fig.  191 
represents  a  modification  of  his  experiment.  The  rays  start  from 
the  cathode  A  and  pass  through  a  slit  in  a  brass  rod  5,  which  fits 
tightly  into  the  neck  of  the  tube ;  this  rod  is  connected  with  the 
earth  and  used  as  an  anode ;  the  rays  after  passing  through  the 
slit  enter  the  spherical  vessel  C.  In  this  vessel  there  are  two 
coaxial  metal  cylinders,  the  outer  one  D  connected  with  the 
earth,  the  inner  one  E  carefully  insulated  and  connected  with  an 

•  Starke,  Ann.  der  Phyi.  iil  p.  101,  1900. 

t  Perrin,  Comptes  Rendus,  oxxl  p.  1130,  1895. 
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electrometer.    The  ejlinden 
direct  line    of  fire  of  the 
through  the  tube  and  the  cathode 


placed  90  as  to  be  oat  of  the 

What   the   dischaige   passed 
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Fig.  19L 

the  vessel  C,  the  inner  cylinder  E  received  a  small,  but  only  small, 
negative  charge.  The  cathode  rays  were  then  deflected  by  a 
magnet;  their  path  could  be  inferred  fix>m  the  position  of  the 
phosphorescent  patch  on  the  walls  of  C',  when  the  deflection  was 
increased,  so  that  the  position  of  the  patch  showed  that  the  rays 
had  fallen  on  the  opening  of  the  cylinders,  there  was  a  very  great 
increase  in  the  negative  charge  received  by  E'j  when  the  raj's  had 
been  so  much  deflected  that  the  phosphorescent  patch  fell  below 
the  slit  the  negative  charge  in  the  cylinder  E  again  disappeared. 
This  experiment  shows  that  the  rajrs  carry  a  negative  charge, 
as  it  proves  that  the  negatiyajeli^rification  fojlowa  exactly  the 
^tte^cfiuaa^«w_the  rajs  prodi^  the  phosphorescence  on  the 
glass. 

This  experiment  also  shows  that  the  cathode  rays  make  the 
gas  through  which  they  pass  a  conductor  of  electricity ;  for  if  in 
the  experiment  the  discharge  is  kept  continuously  passing  through 
the  tube  and  the  cathode  rajrs  deflected  until  they  pass  into  the 
cylinder,  the  negative  charge  on  the  cylinder  will  rise  to  a  certain 
value,  beyond  which  it  will  not  increase  however  long  the  discharge 
may  be  kept  running ;  this  shows  that  the  gas  round  the  cylinder 
is  a  conductor,  and  the  steady  state  of  the  cylinder  is  reached  when 
it  loses  as  much  electricity  by  conduction  through  the  gas  as  it 
gains  from  the  cathode  rays.  The  same  thing  is  shown  when  the 
cyUnder  is  given  a  negative  charge  before  the  dischaige  through 
ijie  gas  begins:  if  tins  charge  is  less  than  a  certain  value  the 
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cathode  rays  will  increase  the  charge ;  if  however  it  is  greater  than 
this  value,  the  cathode  rays  will  diminiah  the  charge  until  it 
fitlta  to  this  critical  value. 

An  interesting  way  of  showing  the  deviation  of  the  cathode 
rays  under  an  electric  field  is  to  produce  a  narrow  pencil  of  the 
rays  from  a  spot  of  lime  on  a  strip  of  platinum  foil  heated  to 
redness  by  an  electric  current ;  if  this  strip  is  used  as  a  cathode  a 
thin  sharply-defined  pencil  of  rays  will  start  from  the  patch  of 
lime ;  if,  as  in  the  arrangement  shown  in  Fig.  192,  a  metal  plate 
B  is  placed  near  the  path  of  the  rays,  then  if  this  is  chai^ 
negatively  the  cathode  rays  will  be  bent  from  the  plate  as  in  the 


figure  and  their  path  can  readily  be  traced  by  the  luminosity  thej 
produce  in  the  gas.  The  hot  lime  enables  us  to  produce  rays  with 
a  smaller  potential  difference  than  could  be  used  with  a  oold 
cathode  so  that  the  velocity  of  the  rays  is  smaller  and  tbeii 
deviation  in  a  given  electric  field  larger  than  is  the  case  for  nji 
produced  in  an  ordinary  vacuum  tube. 
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The  pencil  of  rays  is  very  sensitive  to  the  influence  of 
magnetic  force  and  bends  into  beautifiil  corves  and  spirals  when  a 
magnet  is  brought  near  to  it. 


Magnetic  Spectrum  of  Cathode  Rays. 

338.  Birkeland*  found  that  when  the  cathode  rays  are 
produced  by  means  of  an  induction  coil,  a  patch  of  cathodic 
phosphorescence  is  not  merely  displaced  by  a  magnetic  field, 
but  is  broken  up  into  several  distinct  patches  ;  thus,  for  example, 
if  there  is  originally  a  narrow  straight  band  of  phosphorescence, 
then  iinder  the  magnetic  field  several  parallel  bright  bands  of 
phosphorescence  separated  by  comparatively  dark  spaces  are 
observed.  This  is  called  the  magnetic  spectrum.  I  have 
obtained  similar  effects  by  deflecting  the  rays  by  electric 
instead  of  magnetic  forces.  This  splitting  up  of  the  rays  shows 
that  the  original  bundle  of  cathode  rajrs  is  not  homogeneous, 
but  is  made  up  of  groups  moving  with  different,  and  finitely 
different,  velocities;  each  group  being  differently  deflected,  the 
slower  ones  more  than  the  £eister.  Struttf  has  shown  that  the 
magnetic  spectrum  is  due  to  the  want  of  uniformity  necessarily 
associated  with  the  use  of  an  induction  coil,  which  produces  a 
discontinuous  discharge,  and  that  if  the  cathode  rays  are  produced 
by  a  large  electrostatic  machine,  or  a  large  number  of  storage 
cells,  either  of  which  gives  a  continuous  discharge,  the  phospho- 
rescence is  not  broken  up  into  separate  patches  by  a  magnetic  or 
an  electric  field. 

Path  of  the  Cathode  Rays  in  the  Discharge  Tube, 

339.  The  cathode  rays  are  deflected  by  an  electric  force; 
thus,  as  the  electric  field  is  very  intense  in  the  Crookes  dark 
space,  the  rays  as  they  pass  through  this  space  will,  unless  the 
lines  of  force  in  it  are  straight  (this  is  approximately  the  case 
when  the  cathode  is  a  large  plane  disc),  be  deflected  and  their 
paths  will  not  coincide  with  the  normals  to  the  cathode  at  their 
point  of  projection.  The  amount  of  deflection  of  the  path  from 
this  normal  will  depend  mainly  upon   the  rate  at  which  the 

*  BirkeUnd,  CompUs  Rendui,  oxziii.  p.  92,  1897. 
t  Strati,  PkU.  Mag.  ▼.  4^  p.  478,  1899. 
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intensity  of  the  electric  field  diminishes  as  we  recede  from  the 
cathode :  if,  as  in  the  case  when  the  pressure  is  not  very  low,  the 
field  close  to  the  cathode  is  very  much  more  intense  than  that  «t 
some  distance  away  fix>m  it,  the  corpuscles  will  acquire  so  much 
energy  while  still  close  to  the  cathode  that  they  will  not  be 
much  deflected  by  the  comparatively  feeble  fields  traversed  bjr 
them  during  the  rest  of  the  journey ;  in  this  case  the  paflu  of 
the  ra3r8  will  be  approximately  the  normals  to  the  cathode,  so 
that  if  the  cathode  is  a  hollow  spherical  bowl  the  rays  will  travel 
along  the  radii  of  the  sphere  and  will  be  brought  to  a  focus  at 
its  centre.  If  however  the  strength  of  the  field  only  changes 
slowly  as  we  recede  fix)m  the  cathode,  we  shall  get  much 
greater  deviation  than  in  the  last  case,  for  not  only  will  the 
velocity  they  acquire  while  still  close  to  the  cathode  be  smaller, 
but  also  the  deflecting  force  when  they  get  away  fit)m  the 
cathode  will  be  greater.  The  paths  of  the  rays  will  now  be  no 
longer  along  the  normals  because  of  the  deflecting  force,  nor  will 
they,  owing  to  the  inertia  of  the  corpuscles,  be  along  the  lines 
of  force  unless  these  are  straight.  The  paths  of  the  corpuscles 
will  be  between  the  normal  and  the  lines  of  force ;  for  example, 
in  the  case  of  the  hollow  bowl,  the  path  will  be  between 
the  normal  CP  and  the  line  of  force  PQ  (Fig.  193) ;  thus,  if  the 


Fig.  193. 


paths  cross  the  axis  of  the  bowl  at  all,  they  will  do  so  at  points 
on  the  fer  side  of  the  centre.  It  is  well  known  that  when,  as  in 
the  bulbs  used  for  producing  R5ntgen  rays,  a  cathode  of  this  kind 
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is  used,  the  'focus*  gets  further  from  the  cathode  as  the  ex- 
haustion is  increased.  Goldstein*,  who  made  a  series  of  beautiful 
experiments  on  the  phosphorescent  patterns  produced  by  curved 
cathodes  of  different  shapes,  showed,  by  using  an  unsymmetrical 
cathode,  that  the  rajrs  crossed  when  the  pressure  was  com- 
paratively high,  but  did  not  do  so  at  very  high  exhaustions. 
The  appearance  of  the  cathode  rays  fix)m  a  curved  cathode  is 
shown  by  the  diagrams  in  Fig.  195,  p.  636,  taken  from  a  paper  by 
Campbell  Swintonf;  it  ¥dll  be  seen  that  this  is  very  different 
from  that  which  would  result  if  the  rays  travelled  along  the 
normals  to  the  cathode. 

340.  The  motion  of  the  corpuscles  in  a  vacuum  tube  offers 
a  fine  field  for  the  application  of  Hamilton's  Principle  of  Varying 
Action :  for  since  the  cathode  is  an  equipotential  surface,  and  the 
corpuscles  leave  that  surface  normally  and  with  equal  amounts  of 
energy,  their  paths  will,  by  the  Principle  of  Var3ring  Action,  be 
the  orthogonal  trajectories  of  a  system  of  surfaces. 

341.  We  have  regarded  the  cathode  rays  as  originating  from 
positive  ions  which  were  formed  by  the  cathode  rays  themselves 
at  a  distance  from  the  cathode.  If  however  the  path  PQ  of  the 
cathode  ray  is  curved  (Fig.  194),  and  if  the  positive  ion  is  pro- 


Fig.  194. 

♦  Goldatein,  Wied,  Ann.  xv.  p.  254,  1882. 

t  CampbeU  Swinton,  Proc.  Roy.  Soc.  Ixi.  p.  79,  1897. 
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duced  at  Q,  then,  in  consequence  of  the  difference  in  mass  be»*«en 
the  positive  and  negative  iona,  the  path  of  the  positive  itin  up 
to  the  cathode  will  not  be  QP,  but  some  other  path  such  as  QP'iT 
thua  the  cathode  rays  produced  at  P  will,  when  the  path*  t 
not  straight  lines,  give  rise  to  positive  ions  which  will  htlp  I 
make  cathode  mya  which  etart  not  from  P  but  firom  some  # 
point  P'. 

The    distance   between    the   places   where    the   positive  i 
strike  the  cathode  and  the  origin  of  the  cathode  my  producing 
these  ions  will  be  greatest   for  the  rays  which  start  from  neM 
the  boundary  of  the  cathode,  as  these  travel  through  thu  l"'' 
of  the  electric  field  where   the  lines  of  force  are  inwt  curi'l 
there  will  thua  not  be  many  positive  ions  striking  against  il 
outer  parts  of  the  cathode,  on  this  account  the  rate  of  emisM' 
of  the  cathode  rays  increases  as  we  approach  the  centre  of  t! 
cathode  ;    on  the  other  hand,  if  the  cathode  is  curved  the  elcriii' 
force  close  to  the  cathode  will  be  a  minimum  at  the  centn- 
that  on  this  account  the  rays  wonld  be  fewer  along  tht  aii 
taking  both    these   effects  into  consideration  we  should  Miit' ' 
there  would  be  a  tendency  for  the  raya  to  attain  a  mftsiinilin 
at  some  place  intermediate  between  the  centre  and  edge  of  U 
cathode, 


X  JL^  J^ 
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The  observations  of  Campbell  Swinton*  establish  the  existence 
of  such  an  effect ;  he  found  that  with  concave  cathodes,  when 
the  pressure  of  the  gas  is  within  certain  limits,  the  cathode  rays 
do  not  form  a  solid  pencil  bat  are  condensed  into  a  hollow  conical 
shell.  He  proved  this  by  means  of  the  phosphorescence  produced 
by  these  rays  on  a  carbon  plate  whose  plane  was  at  right  angles 
to  the  cathode:  the  phosphorescent  patch  was  a  circular  ring 
with  iu  some  cases  a  bright  spot  at  the  centre.  The  appearance 
of  the  phosph<n«scence  is  represented  in  Fig.  195. 

This  hollowness  of  the  bundle  of  cathode  raj's  was  found  by 
Campbell  Swinton  to  depend  on  the  curvature  of  the  cathode,  it 
did  not  occur  when  this  was  plane. 

SejmlnoH  of  Caihodic  Streams. 

342.  Goldstein-f  fotmd  that  when  in  a  discharge  tube  there 
are  two  cathodes  connected  together,  the  cathodic  rays  &om  one 
cathode  are  deflected  when  they  pass  through  the  dark  space 
surrounding  the  other  cathode. 

One  of  Goldstein's  experiments  was  as  follows :  two  cathodes 
were  used,  one  a  hollow  metal  cylinder  a,  &om  which  a  pencil  of 
cathode   rays   issued,  producing   luminosity  in  the  gas  through 


f 


■  CunpbeU' Swinton,  Proe.  Boy.  Soe.  Ui.  p.  19,  1897. 
f  GoldfUo,  SfM  MiK  Form  der  eltktruehtn  Abttoumg. 
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which  they  travelled  ;  the  other  cathode  (6)  was  a  wire  at  r^t 
angles  to  the  axis  of  the  bundle  of  rays  proceeding  fix>m  a ;  wlien 
6  was  disconnected  fix>m  a  the  path  of  the  rays  firom  a  iras 
straight,  but  when  a  and  6  were  connected  the  cathode  wp 
from  a  were  bent  sharply  away  when  they  approached  b,  Gold- 
stein found  that  the  amount  of  deflection  did  not  depend  on 
the  material  of  which  the  cathodes  were  made,  nor  on  the  nature 
of  the  gas  through  which  the  rays  passed.  The  deflection  ceased 
if  the  deflecting  cathode  was  surrounded  by  a  screen  of  some 
solid  substance. 

Another  example  of  the  deflection  of  two  cathode  streams  is 
afforded  by  an  experiment  made  by  Crookes*;  a  and  6  (Fig.  197) 
are  two  metal  discs,  either  or  both  of  which  can  be  made  into 


Fig.  197. 

cathodes,  a  diaphragm  with  two  holes  cut  in  it  is  placed  in  front 
of  these  discs,  and  the  path  of  the  rays  through  the  tube  is 
marked  out  by  the  phosphorescence  they  excite  in  a  chalked 
plate  inclined  at  a  small  angle  to  their  path.  When  a  is  the 
cathode  and  b  is  idle  the  rays  travel  along  the  path  df,  while  when 
a  is  idle  and  b  the  cathode  they  travel  along  ef.  When,  however, 
a  and  b  are  cathodes  simultaneously  the  paths  of  the  rays  are 
dg  and  eh  respectively,  the  two  streams  having  apparently  re- 
pelled each  other.  Crookes  attributed  the  divergence  of  the  rays 
to  the  repulsion  between  the  negative  charges  of  electricity 
travelling  along  with  them.  E.  Wiedemann  and  Ebertf,  however, 
by  a  modification  of  this  experiment,  have  shown  that  this  is 
not  the  c^use  of  the  repulsion ;  they  provided  the  holes  d  and « 
with  shutters,  and  found  that  when  a  and  6  were  simultaneously 
cathodes  eh  was  the  path  of  the  rays  through  e,  whether  the 
window  at  d  was  open  or  shut,  although  when  it  was  shut  there 
were  of  course  no  cathode  rays  travelling  along  dg  to  deflect  those 
passing  through  d,  showing  that  the  deflection  of  the  ra}*s  has 
its  origin  in  the  space  between  a  and  d, 

*  Sir  W.  Crookes,  Phil  Trang.  1S79,  part  ii.  p.  668. 
t  Wiedemann  and  Ebert,  Wied.  Ann.  xlvi.  p.  168, 1S91. 
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The  effects  we  have  been  describing  can  all  be  explained  by 
the  electrostatic  repulsion  of  the  negative  electricity  travelling 
along  the  cathode  rays,  by  the  strong  electric  field  which  sur- 
rounds a  cathode;  this  repulsion  is  appreciable  only  when  the 
rays  firom  one  cathode  pass  through  the  dark  space  of  the  de- 
flecting cathode,  because,  as  we  have  seen,  the  intensity  of  the 
electric  field  is  very  much  greater  in  the  dark  space  than  it  is 
at  any  other  part  of  the  discharge ;  we  have,  on  page  531, 
discussed  a  method  of  using  this  deflection  of  the  cathode  rays 
for  measuring  the  strength  of  the  electric  field  in  the  tube. 

Canalstrahlen  or  Positive  Rays. 

343.  When  a  perforated  cathode  is  used,  there  may,  if  the 
pressure  is  between  certain  limits,  be  observed  luminous  streams 
passing  through  the  holes  in  the  cathode,  emerging  on  the  side  of 
the  cathode  remote  from  the  anode,  and  travelling  in  straight 
lines,  as  in  Fig.  198;  these  were  first  observed  by  Goldstein*, 


and  called  by  him  Canalstrahlen.     They  excite  phosphorescence 

on    the  part  of  the  glass  against  which  they  strike,  and  if  this 

glass    is  soda  glass  the  places  struck  by  these  rays  show,  when 

observed  through  the  spectroscope,  the  sodium  lines.     Wehneltt 

has  shown  that  when  these  rays  strike  against  a  copper  plate  they 

oxicJise  it;    the  cathode  rays,  as  we  have  seen  (p.  624),  reduce  an 

^-^idised  plate.     Schmidt  J  has  shown  that  the  oxidation  of  metals 

l^y      t       rjo^alstrahlen  is  not  due  to  the  impact  of  the  rays  but 

r>  ^    .1.     ^t  eflfect  due  to  the  rays  producing  active  oxygen  when 

Serlin  Sitz,  xxxix.  p.  691,  1886 ;  Wied,  Ann,  Ixiv.  p.  46, 1898. 
^  fiol^^^.l     Wied.  Ann.  Ixvii.  p.  421,  1899. 
^  ^^^^it'  ^nn.  der  Phy..  ix.  p.  703.  1902. 
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they  pass  through  the  gas ;  he  showed  this  by  castmg  a  shadow 
on  the  copper  plate  by  interposing  between  it  and  the  rajs 
a  solid  obstacle,  the  part  of  the  plate  in  shadow  was  as  much 
oxidised  as  that  exposed  to  the  direct  impact  of  the  rays.  In 
hydrogen  Schmidt  observed  that  the  Canalstrahlen  exert  a 
reducing  effect. 

Though  these  rays  are  much  less  deflected  than  the  cathode 
ra,js  by  electric  and  magnetic  fields,  they  do  suffer  appreciable 
deflection,  and  W.  Wien  has  shown  (see  p.  146)  that  the  direction 
of  these  deflections  indicates  that  the  Canalstrahlen  consist  of 
positively  charged  particles ;   he  has  measured,  by  the  method  in- 
dicated in  Chap.  Y.,  the  ratio  of  the  charge  to  the  mass,  and  finds 
for  the  maximum  value  of  this  quantity  10*,  which  is  the  ratio  of 
the  charge  to  the  mass  for  the  hydrogen  ion  in  the  electrolysis  of 
solutions.     Wien  foimd  that,  in  addition  to  the  rays  which  give 
this  limiting  value  to  e/m,  there  were  always  other  rays  present 
which  gave  smaller  values  for  e/m,  and  that  there  was  no  evidence 
that   the   change   in   this   quantity  was  discontinuous,  which  it 
would   be   if  the   charge   could   only  change  by  multiples  of  e 
and   the   mass  by   multiples  of  m.     I    have    observed    similar 
variations   in   the  value  of  e/m  for  the  positive  ions  given  off 
from  incandescent  wires;  I  think  this  variation  is  probably  due 
to  the  positive  ions  losing  their  charges  before  they  reach  the 
glass  where  they  produce  phosphorescence,  or  by  having  their  mass 
increased  on  the  journey  by  the  adhesion  of  one  or  more  molecules ; 
what  is  measured  in  these  determinations  is  the  ratio  of  the  mean 
value  of  e  to  7h  ;  if  now  the  positive  ion  gets  neutralised  by  a 
negative  charge  or  has  its  mass  increased  before  it  reaches  the 
glass,  then  the  mean  value  of  e  would  be  smaller  than  if  it  retained 
its  original  charge  and  mass  up  to  the  moment  of  impact.     We 
must  remember  that  the  gas  through  which  the  Canalstrahlen 
move  is  ionised,  and  that  there  are  plenty  of  corpuscles  about 
to  neutralise  the  positive  charge.     It  may  be  urged  that  if  the 
ions  had  lost  their  charge  before  striking  the  glass,  they  would 
not  be   able   to  produce  phosphorescence,   since,  as   fisir  as  our 
knowledge  extends,  phosphorescence  is  not  produced  by  the  im- 
pact  of  uncharged   molecules;   but,  according  to  Wien's  deter- 
mination, the  positive  ions  in  the  Canalstrahlen  are  moving  with 
a  velocity  of  more  than  10"cm./sec.:  we  have  no  experience  of 
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molecules  moving  with  anything  like  this  velocity;  the  shock  of 
the  collision  might  be  sufficient  to  ionise  the  molecule  afresh, 
and  thus  produce  in  the  neighbourhood  of  the  place  of  impact 
effects  analogous  to  those  produced  by  the  collision  of  charged  ions. 

344.  Several  experiments  have  been  made  by  W.  Wien*, 
Ewers t  ^^^  VillardJ  to  detect  the  positive  charge  carried  by  the 
Canalstrahlen  by  catching,  as  in  Perrin's  experiment  on  the 
negative  charge  carried  by  the  cathode  rays  (see  p.  630),  the 
Canalstrahlen  in  a  Faraday  cylinder,  and  observing  the  charge 
acquired  by  that  cylinder.  The  aforesaid  physicists  differ  in  their 
interpretation  of  the  results  they  obtain;  all  agree  that  under 
certain  circumstances  the  Faraday  cylinder,  placed  behind  a  per- 
forated cathode,  receives  a  positive  charge  of  electricity,  but 
while  Wien  and  Ewers  think  that  this  charge  is  carried  by  the 
Canalstrahlen,  Villard  is  of  opinion  that  it  is  a  secondary  effect 
due  to  the  slow  diffusion  into  the  cylinder  of  ions  from  other 
parts  of  the  tube.  In  his  experiments  he  found  that  the 
Canalstrahlen  were  able  to  penetrate  into  the  cylinder  for  some 
time  before  it  gave  any  indication  of  a  positive  charge,  indeed 
if  the  discharge  only  lasted  a  short  time,  the  positive  charge  in 
the  cylinder  first  appeared  some  little  time  after  the  discharge 
had  stopped.  It  seems  possible  that  while  the  discharge  is 
passing,  the  gas  in  the  tube  is  too  good  a  conductor  to  allow 
the  charge  on  the  cylinder  to  accumulate ;  just  as  in  Perrin  s 
experiment  the  conductivity  of  the  gas  prevents  the  negative 
charge  on  the  cylinder  rising  above  a  certain  value,  however 
long  the  cathode  rays  are  kept  playing  on  the  cylinder;  when 
the  discharge  stops,  the  gas  recovers  its  insulating  power,  and 
the  cylinder  can  retain  any  charge  that  diffuses  into  it;  if  this 
view  is  correct,  the  positive  charge  observed  in  the  cylinder  is 
due  mainly,  at  any  rate,  to  diffusion  and  not  to  convection  by  the 
Canalstrahlen. 

In  spite  of  the  indecisive  results  obtained  by  this  experi- 
ment, the  magnetic  and  electric  deflections  obtained  by  W.  Wien 
seem  conclusive  evidence  that  the  Canalstrahlen  carry  a  positive 
charge. 

•  W.  Wien,  Wied,  Ann,  Ixv.  p.  445, 1898. 

t  Ewers,  Wied.  Ann.  Ixix.  p.  167,  1899. 

t  Villard,  Journal  de  Physique,  [3],  t.  viu.  pp.  5  and  140,  1899. 

T.  G.  ^^ 
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On  the  view  of  the  discharge  given  in  Chap.  XV.  there  is 
a  stream  of  positively  charged  molecules  moving  towards  the 
cathode,  causing  this  to  emit  cathode  rays;  if  the  cathode  is 
perforated,  part  of  this  stream  may  pass  through  the  holes, 
producing  in  the  gas  behind  the  cathode  luminosity,  forming 
in  fact  the  Canalstrahlen,  or  positive  rays  as  we  may  call  them, 
if  we  think  this  view  of  their  constitution  sufficiently  established 


Luminosity  produced  by  Cathode  Rays  and  Canalstrahlen. 

345.  The  differences  between  the  luminous  effects  produced 
by  cathode  rays  and  Canalstrahlen  are  very  marked.  They  can  be 
investigated  very  conveniently  by  means  of  a  tube  like  that 
represented  in  Fig.  133,  with  this  arrangement  the  lower  plate,  Jf, 
is  struck  by  Canalstrahlen  when  C  is  the  cathode  and  by  cathode 
rays  when  C  is  the  anode.  If  a  layer  of  lithium  chloride  is  placed 
on  the  plate,  then  when  struck  by  Canalstrahlen  it  shines  with  a 
bright  red  light  and  the  red  lines  of  the  lithium  spectrum  are  very 
bright;  if  the  direction  of  the  discharge  is  reversed  so  that  the 
lithium  chloride  is  struck  by  cathode  rays,  its  colour  changes  fn>m 
bright  red  to  steely  blue,  giving  out  a  faint  continuous  spectrum 
but  not  the  lithium  lines.  The  lithium  chloride  after  long  bom- 
bardment by  Canalstrahlen  blackens  and  the  lithium  lines  become 
much  fainter  than  they  were  originally,  this  blackening  takes  place 
whether  the  tube  is  filled  with  hydrogen  or  with  air. 

Goldstein*  has  shown  that  many  metals  when  used  as  cathode 
give  out  a  line  spectrum  under  bombardment  by  Canalstrahlen, 
the  spectrum  is  especially  bright  when  the  tube  is  cooled  by 
liquid  air. 

In  some  cases  the  Canalstrahlen  excite  the  metallic  lines  more 
strongly  in  compounds  of  the  metal  than  in  the  metal  itself,  thus 
if  we  bombard  the  surface  of  the  liquid  alloy  of  sodium  and 
potassium  with  Canalstrahlen  the  specks  of  oxide  floating  on 
the  surface  shine  out  with  a  bright  yellow  light  and  show  the 
D  lines  of  sodium  strongly,  the  clean  parts  of  the  surface  on  the 
contrary  are  hardly  luminous  at  all,  and  I  have  never  been  able  U> 
see  the  D  lines  on  this  part  of  the  surface.     This  difference  may 

*  Go\d%tem,  Phys,  Zeits,  Ti.  p.  14,  1905. 
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be  due  in  part  to  the  sodium  being  much  more  volatile  than  the 
oxide,  so  that  an  atom  of  sodium  struck  by  the  Canalstrahlen  may 
volatilise  and  get  away  from  the  surface,  while  a  molecule  of  oxide 
would  be  fixed,  thus  the  light  might  be  much  more  concentrated 
when  the  surface  struck  is  not  volatile  than  when  it  is  easily 
vaporised. 

Stark*  has  shown  that  the  lines  in  the  spectrum  given  out 
when  the  Canalstrahlen  are  produced  in  hydrogen  at  a  low  pressure, 
show  the  Doppler  eflfect,  i.e,  that  the  lines  are  displaced  owing  to  the 
motion  of  their  source ;  the  velocity  calculated  fix)m  the  displace- 
ment of  the  lines  agrees  well  with  the  velocity  of  the  Canalstrahlen 
calculated  from  the  cathode  fall  of  potential.  Professor  Hull,  in 
some  experiments  recently  made  at  the  Cavendish  Laboratory, 
found  that  this  eflfect  was  very  much  more  marked  in  hydrogen 
than  in  either  helium  or  mercury  vapour  in  which  the  eflfect,  if  it 
exists  at  all,  is  exceedingly  small. 

*  Stark,  Phyt.  ZeiU.  vi.  p.  892,  1905. 
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CHAPTER  XX. 

RONTGEN  RAYS. 

346.  RoNTGEN  found  in  1895  that  when  the  pressure  in  a 
discharge  tube  is  so  low  that  the  walls  of  the  tube  are  vividly  phos- 
phorescent, rays  which  are  propagated  in  straight  lines  come  from 
the  tube ;  these  rays  illuminate  a  screen  made  of  phosphorescent 
substance,  and  affect  a  photographic  plate  placed  in  their  path, 
Rontgen  showed  too  that  these  rays  were  not  entirely  stopped 
even  by  substances  opaque  to  ordinary  light,  such  as  the  flesh 
of  the  hand,  and  that  if  the  hand  is  placed  between  the  bulb 
and  a  phosphorescent  screen,  the  shadow  cast  by  the  flesh  is  not 
so  dark  as  that  cast  by  the  bones,  and  thus  the  shape  of  the 
latter  can  be  distinguished.  The  rays  which  produce  the^se  effects 
are  now  called  Rontgen  rays.  The  character  of  the  raj's  de- 
pends greatly  upon  the  state  of  the  tube  in  which  they  are 
produced;  if  the  pressure  in  the  tube  is  very  low,  so  that  the 
potential  difference  between  its  terminals  is  very  large,  the  rays 
are  much  more  penetrating  than  when  the  pressure  of  the  gas 
is  higher,  and  the  potential  difference  between  its  electrodes 
smaller;  very  penetrating  rays  are  sometimes  called  hard  niys^ 
the  more  easily  absorbable  rays,  soft  ones.  We  have  already  seen 
that  even  the  rays  emitted  at  any  one  time  by  the  same  tube 
are  not  all  of  one  type  (see  p.  292). 

A  good  many  of  the  properties  of  the  Rontgen  rays  have 
been  already  discussed  in  connection  with  the  power  they  possess 
of  ionising  a  gas  through  which  they  pass ;  we  shall  now  consider 
the  other  properties  of  these  rays. 

Rontgen  showed,  and  the  observation  has  been  confirmed  by 
veiy  many  8ubaec\Meiit  ^x^rimenters,  that  the  rays  are  not  bent 
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when  going  from  one  medium  to  another,  and  therefore  that  they 
suflfer  no  deviation  after  passing  through  a  solid  prism. 

We  have  seen  (p.  308)  that  Rontgen  rays  when  they  strike 
against  a  solid,  a  liquid,  or  even  a  gas,  generate  secondary  rays 
which  in  the  case  of  impact  against  a  solid  or  a  liquid  are 
of  a  much  less  penetrating  character  than  the  incident  ones; 
the  incidence  of  Rontgen  rays  on  the  surface  of  a  solid  will 
therefore  give  rise  to  radiation  proceeding  fix)m  the  surface;  by 
far  the  greater  part  of  this  'reflected'  radiation  is  dififuse,  i,e. 
though  the  incident  rays  are  all  travelling  in  one  direction,  the 
'reflected'  rays  will  spread  out  in  all  directions.  The  question 
as  to  whether  this  'diflFiise  return'  of  the  rays,  as  Sir  George 
Stokes  called  it,  is  accompanied  by  specular  reflection,  in 
other  words,  whether  there  is  an  excess  of  the  reflected  rays 
in  the  direction  in  which  the  angle  of  reflection  is  equal  to  the 
angle  of  incidence,  is  one  on  which  observers  disagree.  Lord 
Blythswood*  and  Rood"f"  have  obtained  photographs  in  which 
there  is  evidence  of  this  effect;  other  observers  have,  however, 
been  unable  to  detect  it.  The  specular  reflection  must  in  any 
case  be  small,  since  the  transparency  of  a  powder  is  the  same 
as  that  of  the  same  bulk  of  material  when  solid,  and  the  defini- 
tion through  it  as  good. 

No  evidence  of  any  polarisation  of  the  primary  rays  has  been 
obtained ;  the  opacity  of  two  crystals  of  tourmaline  or  of  herapathite, 
placed  one  on  the  top  of  the  other,  is  the  same  when  the  axes  of 
the  crystals  are  crossed  as  when  they  are  parallel. 

The  Rontgen  rays  increase  the  electrical  conductivity  of  badly 
conducting  liquids  as  well  as  of  gasesj,  they  increase  also  the 
electric  absorption  of  solids.  Curie§  has  lately  shown  that  the 
rays  from  radium  also  produce  the  same  effect  on  liquids. 

Source  of  the  Rays. 

347.  By  taking  photographs  of  a  card  pierced  with  pinholes, 
and  drawing  the  lines  joining  the  photograph  of  a  hole  with  the 
hole  itself,  and  finding  their  points  of  intersection,  it  has  been 

*  Lord  BlythBwood,  Proc,  Roy,  Soe,  lix.  p.  330,  1896. 
t  Bood,  SiUiman't  Journal,  [4],  ii.  p.  178,  1896. 
X  J.  J.  Thomson,  Nature,  W.  p.  606, 1897. 
§  Ourie,  Comptei  Rendui,  oxxziv.  p.  420, 1902. 
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shown  that  the  spot  struck  by  the  cathode  rays  is  the  place  from 
which  the  Rontgen  rays  originate.  Thus  when  the  rays  strike  the 
walls  of  the  tube,  the  phosphorescent  part  of  the  glass  is  the  origin 
of  the  rays ;  when  a  '  focus  tube/  %.e.  one  with  a  hollow  cathode, 
and  a  plate  of  some  infusible  substance  placed  where  the  cathode 
rays  converge,  the  part  of  the  plate  struck  by  the  cathode  rays  is 
the  source  of  the  BQntgen  rays.  Campbell  Swinton*  has  shown 
that  cathode  rays  impinging  normally  on  the  plate  are  more 
effective  in  producing  B5ntgen  rays  than  those  which  strike 
obliquely  against  the  plate.  The  Rontgen  rays  produced  when 
the  cathode  rays  strike  against  a  plane  area  come  off  approximately 
uniformly  in  all  directions.  This  is  shown  by  the  following  ex- 
periment :  a  hemispherical  photographic  film  is  placed  so  that  its 
centre  is  at  C,  a  point  on  a  metal  plate  struck  by  cathode  rays 
travelling  in  any  direction;  the  BQntgen  rays  starting  fix)m  the 
plate  affect  the  film,  and  when  the  photograph  is  developed  its 
intensity  is  found  to  be  approximately  uniform  until  we  approach 
quite  close  to  the  line  where  the  plane  of  the  plate  intersects  the 
film.  When  the  rays  are  produced  by  the  impact  of  the  cathode 
rays  against  the  glass  walls  of  the  tube  more  rays  appear  to  come 
out  from  any  place  normally  than  obliquely ;  this  is,  however,  a 
secondary  effect  due  to  the  absorption  of  the  rays  by  the  glass 
through  which  they  have  to  pass;  as  the  rays  which  come  out 
obliquely  have  to  pass  through  a  greater  thickness  of  glass  than 
those  which  emerge  normally  they  are  more  enfeebled  by  the 
absoi-ption  due  to  the  glass. 

Velocity  of  Propagation  of  Rontgen  Rays. 

348.  Experiments  to  determine  the  velocity  of  the  Rontgen 
rays  have  been  made  by  Brunhesf  and  BlondlotJ.  Marx§  has 
recently  determined  the  velocity  of  the  Rontgen  rays  by  a  method 
based  on  the  following  principle.  Let  A  (Fig.  199)  be  a  Rontgen 
ray  bulb,  having  the  terminal  K  attached  to  a  vibrating  electrical 
system  with  a  known  period,  say  a  Lecher  bridge;  when  K  is 
cathode  the  anti-cathode  C  will  emit  Rontgen  rays,  and  these 

*  Campbell  Swinton,  Proc,  Roy,  Soc,  Ixiii.  p.  482,  1898. 
t  Branhes,  Comptet  Rendu$y  czxx.  p.  169,  1900. 
t  Blondlot,  Comptet  Rendut,  ozzzv.  p.  666,  1902. 
S  Marx,  Ann.  der  Phyt.  zz.  p.  677,  1906. 
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rays  when  they  fall  upon  a  metal  plate  will,  as  we  have  seen,  cause 
it  to  emit  a  stream  of  corpuscles ;  if  the  plate  on  which  the  rays 
fidl  is  positively  electrified  the  emission  of  these  corpuscles  will 


Pig.  199. 

be  retarded.  D  is  a  metal  plate  placed  in  the  path  of  the  rays 
coming  fi*om  C  and  opposite  to  this  plate  there  is  a  Faraday 
cylinder  F  connected  with  an  electrometer  which  measures  the 
negative  charge  received  by  the  cylinder.  D  is  connected  with 
the  same  Lecher  bridge  arrangement  as  jff  so  that  there  is  a 
definite  phase  relation  between  their  potentials.  The  negative 
charge  received  by  the  cylinder  will  be  a  maximum  when  D  is 
negatively  electrified  when  the  Rontgen  rays  fall  upon  it,  a 
minimum  when  D  is  positively  electrified.  To  fix  our  ideas, 
suppose  that  K  and  D  are  always  at  the  same  potential,  when 
K  is  2^  cathode  Rontgen  rays  start  fi'om  G  and  some  time  after 
fell  upon  D ;  in  the  time  taken  for  the  rays  to  travel  from  C  to  D 
the  electrical  system  changes  its  phase  and  when  the  rays  strike  ^ 
it  may  be  positively  electrified  and  retard  the  emission  of  the 
corpuscles,  if  however  the  time  taken  by  the  rays  to  go  fi-om 
(7  to  D  is  equal  to,  or  a  multiple  of,  the  time  of  vibration  of  the 
electrical  system  then  when  the  rays  strike  D  it  will  be  negatively 
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electrified  and  the  negative  charge  received  by  the  (^linderwill 
be  a  maximum,  hence  if  we  adjufit  the  distance  between  C  and  D 
80  that  the  charge  given  to  the  electrometer  in«  given  time  is  s 
maximum  and  if  we  know  the  time  of  vibsition  of  the  electrical 
system  we  can  calculate  the  velocity  of  the  B5ntgen  rays. 

To  carry  out  this  method  in  practice  many  refinements  are 
necessary  for  which  wo  must  refer  to  Marx's  paper.  The  result 
of  Marx's  investigation  is  that  the  velocity  of  the  Rontgen  ra;8 
through  air  is  equal  to  the  velocity  of  light. 

DiffracHwi  of  Rontgen  Rays, 

349.  Many  experiments  have  been  made  to  test  whether,  as 
in  the  case  of  light,  there  are  both  inside  and  outside  the  boundary 
of  the  shadows  cast  by  very  small  objects,  variations  in  the  io- 
tensity  of  the  rays  corresponding  to  the  well-known  diffraction 
fringes.  Rontgen*,  who  investigated  this  point,  was  never  able 
to  satisfy  himself  that  the  effects  he  obtained  were  undoubtedly 
due  to  diffraction.  Fommf  observed  in  the  photograph  of  a 
narrow  slit  light  and  dark  bands  which  looked  like  diffraction 
bands,  but  observations  with  different  sized  slits  showed  that  this 
could  not  be  their  origin,  and  Haga  and  WindJ  have  explained 
them  as  contnist  effects.  These  observers,  who  have  made  long- 
continued  researches  on  this  subject,  have  obtained  with  a  narrow 
V-shaped  slit,  only  a  few  thousandths  of  a  millimetre  broiid  at  its 
widest  point  and  made  of  platinum  plates  about  half  a  millimetre 
thick,  effects  which  would  be  produced  by  diffraction,  and  which 
have  not  been  explained  in  any  other  way.  The  image  of  such  a 
slit  is  shown  on  a  greatly  magnified  scale  in  Fig.  200§ :  this  diagram 


Fig.  200. 

*  BoDtgen,  Wied.  Ann.  Ixiv.  p.  IS,  1S98. 

t  Fomm,  Wied,  Ann.  lix.  p.  350,  1896. 

::  Haga  and  Wind,  Wied.  Ann.  Izviii.  p.  884.  1899. 

§  Wind,  Phytikaliiche  ZeiUehrift,  ii.  p.  292,  1901. 
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magnified  two  kmifired  lames,  i^iiik*  tiie  iicciBoiital  ^niK9i<Q<^i>c  * 
only  dooUed.  Tbe  tmBMiffiring:  ai  ihe  jaarcm  pm  of  tije  ^i^>^ 
is  the  effect  re&d  vpon  icr  Aomiskg  ihe  diffiscdcA.  To  oIi^^^yb 
a  HJinilar  amoviiit  of  irnmiJFwm^  with  Hgiit  <€  a  definii^  muT^ 
length,  the  leogth  rf  tie  wmve  vcmld  hare  to  be  of  tke  cvvW 
2  X  10~^  cm.  If  we  regard  the  Bangen  txvs  as  doe  lo 
tinaons  poises,  this  wiH  be  the  «der  of  tbe  thicbies^ 
pulse  for  the  paiticalar  njs  under  ooosidefatioQ. 


350.     We  hare  no 
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produce  vay  hzge  d 


eridenoe  that  the  BoDtgen 
tfaioagh  magn^ic  fields 
of  cathode  laTS. 
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CHAPTER  XXL 


PROPERTIES  OP  MOVING  ELECTRIFIED  BODIES. 


351.  As  Rontgen  rays  are  produced  when  the  cathode  rays 
strike  against  an  obstacle,  and  as  the  cathode  rajrs  consist  of 
negatively  charged  particles,  it  is  of  interest  to  examine  the 
effects  which  are  produced  when  the  motion  of  a  charged  particle 
is  suddenly  stopped. 

When  a  particle  with  a  charge  e  of  electricity  is  moving 
uniformly  parallel  to  the  axis  of  z  with  a  velocity  w,  it  produces 
at  a  point  whose  coordinates  relative  to  the  particle  are  x,  y,  Zy  a 
radial  electric  polarization  equal  to 


47r(7..<j^)i 


{^-^^^v^^')] 


and  a  magnetic  force  whose  components  a,  fi,  y  parallel  to  the 
axes  of  X,  y,  z  respectively  are  given  by  the  equations 


a  =  — 


eVw 


y 


"^-">'{--^-K^«f 


i8  = 


eVw 


X 


<■"-"''' {--^-T^-f 


7  =  0, 

V  being  the  velocity  of  propagation  of  electrodynamic  dis- 
turbances through  the  medium  surrounding  the  sphere  (see 
Recent  Researches  in  Electricity  and  Ma^gnetism,  pp.  18,  19). 
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When  w  the  velocity  with  which  the  particle  is  moving  is  small 
compared  with  V,  the  radial  electric  polarization  becomes 

e  1 


4^  l^  +  y" +-«»}' 

the  same  as  when  the  particle  is  at  rest ;  and  the  components  of 
the  magnetic  force  are  given  by 

y 


a=—ew 


(«" -f  y"  +  «*)^ ' 


I3^ew 


7  =  0. 


X 


(d;»  +  y«  + -J")* ' 


352.  In  an  electric  field  in  which  the  components  of  the  electric 
polarization  are  /,  g,  h,  those  of  the  magnetic  induction  a,  6,  c, 
there  is  mechanical  momentum,  the  components  J7,  F,  W  of 
which  per  unit  volume  are  given  by  the  equations 

U  —  cg  —  bh, 
V^ah  —  cf, 
W^bf^ag 
(see  Recent  Researches,  p.  13). 

Substituting  the  expressions  we  have  given  for  the  polarization 
and  magnetic  force  due  to  the  moving  charged  particle  and  in- 
tegrating throughout  the  space  outside  a  small  sphere  of  radius  a 
described  round  the  electrified  point,  we  find  if  P,  Q,  R  are  the 
components  of  the  resultant  momentum  of  the  medium  outside 
the  sphere  in  this  direction. 


P  =  0, 


<2  =  o, 


(1). 

where  /i  is  the  magnetic  permeability  of  the  medium  and 


sin^s 


w 
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(see  Recent  Researches,  p.  21) ;  when  w  is  small  compared  with  F, 
the  value  of  R  reduces  to 

2u6» 

Thus  if  m  is  the  mass  of  the  particle  the  momentum  due  to 
its  motion  is  not  mfw  but  in  virtue  of  the  momentum  in  the 
electromagnetic  field 

or  when  w  is  small 


( 


o  a  J 


Thus  the  particle  will  in  this  case  behave  as  if  its  mass  were 

increased  by  «  — . 
•^  3  a 

363.  In  the  general  case  when  w  is  not  small,  let  ^  denote 
mw  -f  R  and  suppose  the  particle  is  acted  on  by  a  magnetic  force 
H  at  right  angles  to  its  direction  of  motion,  the  mechanical  force 
acting  upon  the  particle  is  Hew^  hence  if  in  the  time  U  the 
direction  of  motion  is  deflected  through  an  angle  hd  we  have 

X^d  =  Hew  hi ; 

if  Bs  be  an  element  of  the  path,  p  its  radius  of  curvature,  then 

5^     Bs     wBt 

ou  =  —  = , 

p     p 

hence  P=-^j 

He 

but  if  ejm  is  the  ratio  of  the  charge  to  the  eSective  mass  then 

mw 

hence  jn  —  ^  =  vi  H —  . 

XV  w 

Now  from  the  expression  (1)  for  iZ  we  see  that  when  w 
approaches  F,  Rjw  increiises  rapidly,  hence  if  what  we  may  call 
the  electrical  mass  is  comparable  with  the  mechanical,  we  should 
expect  mje  would  vary  with  the  velocity  of  the  particle,  increasing 
as  the  velocity  increases.  From  the  expression  given  for  R  we 
see  that  it  is  only  with  particles  moving  with  velocities  com- 
parable with  that  of  light  that  we  could  expect  to  get  measurable 
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▼ariatioDs  in  the  T>lne  of  n  < :  an^VT'  parosk^  TiT-eCr^  vn^ 
these  speeds  aie  fbindted  Ik'  '— ^  -  "^  loa  I2>r  rt^  :c  i^  ; 
for  these  i^Mdlj  mcring  mrijiecBics  aai  husL  suo:  i£re-  f^'tAei;^  -«' 
a  most  interestii^  rsesrIi  bv  g«-f-i-»— >• 

364.     The  method  med  br  Kas&aai:  »  ChsKruerii^  P:;.  ^>I. 


Fig.  Ml. 

A  small  piece  of  radinm  was  placed  at  C  in  a  vesst?!  from 
vhich  the  air  was  extracted,  the  radiations  from  the  radium  pas&od 
through  a  strong  electric  field  in  the  space  between  the  pamllct 
plates  Pi,  P,  which  were  '1525  cm.  apart  and  maintained  at  i\ 
potential  difference  of  6750  volts,  they  then  passed  through  a 
amall  hole  Z)  in  a  diaphragm  and  then  on  to  a  photographic 
plate  E ;  during  the  whole  of  their  journey  from  C  to  E  the  raj's 
were  under  the  influence  of  a  magnetic  field  produced  by  the 
electromagnet  NS;  the  deflection  due  to  the  magnetic  field  was 
at  right  angles  to  that  due  to  the  electric.  If  the  electric  and 
magnetic  fields  were  not  in  action  all  the  rays  from  the  radium 
would  strike  the  photographic  plate  at  the  same  point,  when 
however  the  rays  are  exposed  to  the  electric  and  mimetic  fit'Ula 
the  deflection  will  depend  upon  the  velocity,  so  that  the  mye  of 
diflerent  velocities  will  now  strike  the  plate  at  different  points 
and  the  impression  produced  by  the  radium  on  a  plate  will  ho  a 
•  B;ft7fcn»nn,  asttingen  Nach.  Not.  B,  1EK>1. 
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curved  line ;  by  measuring  the  photograph  the  deflection  due  to  the 
magnetic  field  and  also  that  due  to  the  electric  field  can  be  found, 
and  from  these  deflections  (see  Chap.  V.)  the  values  of  v  the  velocity 
of  the  particles  and  the  corresponding  value  of  e/m  can  be  found 
Eaufmann  found  that  when  his  plates  were  exposed  for  several 
days  he  got  a  clearly  defined  curve  from  which  he  deduced  the 
following  values  of  e/m  and  v. 


V  X  10-10 

elm  X  10-' 

2-83 

•63 

2-72 

•77 

2*59 

•975 

2-48 

1-17 

2^36 

1-31 

It  is  clear  from  these  numbers  that  e/m  diminishes  as  the 
velocity  of  the  particle  increases,  so  that  if  e  remains  the  same 
the  value  of  m  increases  with  the  velocity.  As  this  increase  must 
be  due  to  the  '  electrical  mass  *  it  follows  that  the  electrical  mass 
must  be  comparable  with  the  mechanical  mass.  To  find  the 
proportion  between  the  two,  we  must  make  some  assumption  as 
to  the  distribution  of  electricity  on  the  corpuscle.  Kaufraann 
assumed  that  the  distribution  was  the  same  as  if  the  corpuscle 
were  a  conducting  sphere ;  the  electrical  field  due  to  a  moving 
conducting  sphere  has  been  solved  in  great  detail  by  Searle*. 
On  this  supposition  Kaufmann  calculated  fi-om  his  experiments 
that  the  electrical  mass  of  a  slowly  moving  corpuscle  was  about  J 
of  the  mechanical  mass.  He  points  out  that  the  proportion  will 
depend  upon  the  assumption  made  jis  to  the  distribution  of 
electricity  over  the  corpuscle  whether  for  example  the  electrification 
is  distributed  over  a  spherical  surface  or  throughout  the  volume  of 
a  sphere  or  over  an  ellipsoid,  and  in  a  later  paper  he  shovrs  that 
his  experiments  are  consistent  with  the  view  that  the  whole  of 
the  mass  is  electrical. 

There  does  not  seem  to  me  any  reason  for  attributing  electrical 
conductivity  to  the  corpuscle  itself,  and  if  the  charge  on  the 
corpuscle  is  the  smallest  charge  that  can  exist  it  does  not  seem 
logical  to  make  this  charge  up  into  smaller  ones  and  find  the 

♦  Searle,  Phil,  Mag.  v.  44,  p.  340,  1897. 
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y  integrttiii^  mad  I  prefer  ^• 

field  <iiBe  fo  a  oicpasc^  ia»2  «:  MEm&r  li^s:  ii  ooinddes 
with  that  part  of  the  fieUL  dite  i^:*  *  picLi  :ia;?r.  viiidi  is  OQiside 
a  small  sphere  of  ladins  «  bsrizii^  i£»r  pcczki  charge  fcc  oeotz^. 
On  this  supposition  the  €iccsrnZ  ^rwr  i§  i?  «-  where  B  i$  given  bj 
eqnaticMi  (IX  P-  651.     Uaxi?  i2d§  ^tth^ii  I  hsi^  calnzlaud,  on  the 
supposHiam  thai  Ike  wioU  of  tie  moLm  is  eiedriad^  the  ratios  of 
the  masses  of  the  eorpuscks  iu>Tix£g  vixh  the  Tei-jciti€S  oocairiiig 
in  Kanftnann's  experiiDents  Vj  ihe  i&as  of  a  o:«pQ5ckr  moring  with 
an  ezoeedinglj  small  relodiT:  the  lahns  ^A  this  ratio  (p)  are 
given   in    the   fi>llovii^    table,  p    are    the   talaes  observed   bj 
Eaofinann. 


rxlO-» 

# 

2-85 

3-1 

3« 

2-72 

2-42 

2-43 

2-59 

2^ 

21>4 

2-46 

1« 

1-53 

2« 

15 

1« 

Thus  the  obeerved  and  calcolated  values  of  p  do  not  differ 
by  more  than  10  per  cent,  suggesting  that  all  the  mass  of  the 
corpuscles  is  electrical  in  ite  origin.    On  this  supposition  the  mass 

of  a  slowly  moving  corpuscle  is  |^  or  w/e  =  |^/a,  fit>m  the 

known  values  of  mje  and  e  we  find  a  to  be  about  10-"  cm  As 
the  mass  of  a  corpuscle  has  been  seen  to  have  an  electrical  origin 
the  question  naturally  suggests  itself  whether  the  masses  of  all 
bodies  may  not  have  the  same  origin. 

365.  The  phenomena  we  have  described  in  the  earlier  part  of 
the  book  show  that  corpuscles  are  a  constituent  of  all  bodies,  so  that 
part  of  the  mass  of  these  bodies  is  doe  to  the  corpuscles  and  is 
therefore  electrical :  it  is  easy  to  imagine  a  form  of  atom  for  which 
the  whole  mass  would  be  electrical.  For  suppose  that  the  atoms 
are  made  up  of  a  large  number  of  negatively  electrified  coh.uhcIoh 
each  corpuscle  bemg  associated  with  its  corresponding  litivo 
charge,  and  suppose  that  these  positive  charges  L  spi^J  ..vor  1 
much  greater  volume  than  the  corpuscles,  the  aggregation  th„s 
formed  would  oons«t  of  a  distribution  of  positive  olXS  • 
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a  sphere,  the  corpuscles  being  distributed  through  the  sphere  in 
such  a  way  as  to  be  in  equilibrium  under  their  own  repulsicHis 
and  the  attractive  force  to  the  centre  of  the  sphere  arising  from 
the  positive  electrification,  in  fact  we  should  get  an  atom  similar 
to  that  described  by  Lord  Kelvin  in  his  paper  "iEpinus  Atomized" 
{Phil,  Mag.  Mar.  1902).  If  the  radius  of  the  sphere  occupied  bjr 
the  positive  electrification  is  large  compared  with  the  radios  of  a 
corpuscle,  it  is  easy  to  show  that  the  mass  of  the  atom  will  only 
differ  slightly  fix)m  the  sum  of  the  masses  of  the  individual 
corpuscles  considered  as  discrete  systems.  Thus  in  any  aggrega- 
tion or  dissociation  of  a  system  of  atoms  the  changes  in  the  mass 
would,  since  the  number  of  corpuscles  remains  unaltered,  be 
exceedingly  small  in  comparison  with  the  whole  mass  of  the 
atoms  in  any  particular  state.  If  however  the  whole  of  the  mass 
were  due  to  the  corpuscles,  the  number  of  corpuscles  in  the  atom 
would  have  to  be  much  greater  than  the  investigations  of  Arts. 
161  and  192  show  to  be  the  case. 

356.  There  is  another  point  of  view  from  which  we  may  regard 
the  question  of  electrical  mass  which  may  perhaps  be  most  easily 
explained  by  considering  the  simple  case  of  a  moving  charged 
particle.  If  a,  b,  c  are  the  components  of  the  magnetic  in- 
duction, /,  ffy  h  those  of  the  polarization,  i.e.  the  number  of 
Faraday  tubes  passing  through  unit  area  at  right  angles  to  their 
length,  then  (see  Recent  Researches,  p.  13)  the  components  of 
the  momentum  in  the  field  are 

eg  -  feA,         ah  —  cf,         hf—ag. 

The  magnetic  field  is  due  to  the  motion  of  the  Faraday  tubes, 
and  if  the  charged  point  is  moving  parallel  to  the  axis  of  z 
with  a  velocity  w  we  have  (see  Recent  Researches,  p.  8) 

a  =  —  4f'rrfiwg, 

b  =  4f7rfiw/, 

c  =  0, 

where  fi  is  the  magnetic  permeability  of  the  medium  through 
which  the  Faraday  tubes  are  moving.  Substituting  these  values 
for  a,  6,  c  in  the  expressions  for  the  components  of  the  momentum 
we  find  that  these  become 
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Thiis  the  resultant  momeDtam  is  at  right  angles  to  the  din>ction 

of  the  Faraday  tube  and  is  in  the  plane  through  the  tube  and  the 

direction  of  motion  of  the  particle;  the  magnitude  of  the  result^mt 

momentum  is 

4irft(/'  +  5f»  +  A*)  w  sin  0, 

where  0  is  the  angle  between  the  Faraday  tube  and  its  direction 
of  motion,  thus  ti?  sin  0  is  the  velocity  of  the  tube  at  right  angles 
to  its  length.  Hence  we  see  that  the  momentum  in  the  field  is 
the  same  as  would  exist  if  the  Faraday  tubes  carry  with  them  when 
they  move  at  right  angles  to  themselves  a  mass  of  the  ether  equal 
per  unit  volume  to  AiiriJL{f^-\-g^-\-h%  while  when  the  tubes  move 
parallel  to  their  length  they  do  not  drag  any  ether  along  with 
them.  The  momentum  in  the  field  is  the  momentum  of  this 
bound  ether.  Thus  on  this  view  the  electrical  mass  of  a  charged 
body  represents  the  mass  of  the  ether  dragged  along  or  imprisoned 
by  the  Faraday  tubes  associated  with  that  body.  I  have  discussed 
this  point  at  greater  length  in  Electricity  and  Matter, 

Effect  of  suddenly  stopping  a  moving  charged  particle. 

367.  The  author  gave  an  analytical  investigation  of  this 
question  in  the  Philosophical  Magazine  for  Feb.  1897 ;  the  follow- 
ing geometrical  treatment  of  the  same  problem  is  based  upon  the 
method  of  Faraday  tubes.  Let  us  consider  the  case  of  a  charged 
point  moving  so  slowly  that  the  Faraday  tubes  are  uniformly 
distributed,  and  suppose  the  point  to  be  suddenly  stopped,  the 
efifect  of  stopping  the  point  will  be  that  a  pulse  travels  outwards 
fix)m  it  with  the  velocity  V,  but  as  the  Faraday  tubes  have  inertia 
they  will  until  the  pulse  reaches  them  go  on  moving  uniformly 
with  a  velocity  w  parallel  to  the  axis  of  z,  i.e,  they  will  continue 
in  the  same  state  of  motion  as  before  the  stoppage  of  the  point. 
Let  us  consider  the  behaviour  of  a  tube  which,  at  the  moment  of 
stopping  the  charge,  had  the  position  PQ,  and  consider  the  state 
of  things  after  an  interval  t  from  the  stoppage;  a  pulse  whose 
thickness  8  depends  on  the  time  taken  to  stop  the  particle  will 
have  travelled  out  to  a  distance  Vt  In  front  of  this  pulse  the 
motion  of  the  tubes  will  not  have  been  affected,  i.e,  they  will  have 
travelled  parallel  to  themselves  through  a  distance  t(/t  parallel  to 
the  axis  of  z ;  behind  the  pulse  the  tube  will  have  been  brought 
to  rest  along  the  line  it  occupied  when  the  point  was  stopped, 
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thus  the  portions  behind  and  in  front  of  the  pulse  will  be  repre- 
sented by  ONy  P'Qf  in  Fig.  202.    Hence  to  preserve  the  oontinuitjr 


Fig.  202. 

of  the  tube  it  must  bend  sharply  round  in  the  pulse  itself,  so  that 
now  the  tube  has  a  considerable  tangential  component.  The 
stoppage  of  the  point  will  thus  produce  a  tangential  component 
in  the  electric  force  which  we  proceed  to  calculate,  supposing  that 
the  pulse  is  very  thin  so  that  the  tube  in  it  may  be  regarded  as 
approximately  straight.     Then 

tangential  electric  polarization  __  P'N  _  m;  sin  ft 
normal  electric  polarization        N'N  S      ^ 

where  t  is  the  time  which  has  elapsed  since  the  stoppage  of  the 
particle  and  8  is  the  thickness  of  the  pulse. 

The  right-hand  diagram  in  Fig.  203  shows  the  configuration  of 
the  tube  at  the  times  when,  if  the  particle  had  not  been  stopped, 
it  would  have  been  at  o\  o",  o'". 

Since  the  normal  electric  polarization  at  a  distance  r  from  the 
particle  is  equal  to  e/47rr',  and,  if  V  is  the  velocity  of  propagation 
of  the  disturbance,  Vt  =  r,  we  have  from  (1) 

tangential  electric  polarization  =  -: — =  — =r-  ; 

47^*0  V 

as  this  electric  polarization  is  moving  at  right  angles  to  itself 
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with  a  velocity  V,  it  jntxlaces  a  magnetic  f<Mt»  equal  to  4xF 
times  the  polarization,  tjf.  to  -^w  sin  0,  the  direction  of  this 
force  is  at  right  angles  both  to  the  polarization  and  velocity  of  the 


Ow<<f 


OtftTfT 


Fig.  a03. 


tubes ;  the  force  is  thus  in  the  direction  opposite  to  the  magnetic 
force  before  the  particle  was  stopped.  Hence  in  the  pulse  we  have 
(1)  a  tangential  electric  polarization  equal  to  ew  sin  O/^rrrSV, 
and  (2)  a  magnetic  force  equal  to  ewsinO/rS;  as  these  only 
vary  inversely  as  the  distance  fix)m  the  particle  while  the  polarization 
and  magnetic  force  before  the  particle  was  stopped  varied  inversely 
as  the  square  of  the  distance,  their  magnitudes  in  the  pulse  will 
except  in  the  immediate  neighbourhood  of  the  particle  be  very  great 
compared  with  their  values  outside  the  pulse.  Thus  the  stoppage 
of  the  charged  particle  is  accompanied  by  the  propagation  out- 
wards of  a  thin  pulse  of  very  intense  electric  and  magnetic  force  ; 
pulses  produced  in  this  way  constitute,  I  believe,  the  Rontgen 
rays.  It  will  be  seen  that  on  the  Electromagnetic  Theory  of 
Light  the  pulses  which  we  suppose  to  constitute  the  Rontgen 
rays  are  in  many  respects  identical  with  waves  of  visible  light ; 
both  consist  of  electric  and  magnetic  forces  at  right  angles  to 
each  other  and  to  the  direction  of  propagation;  the  difference 
between  the  Rontgen  rays  and  a  beam  of  sodium  light  is  that 
the  thickness  of  the  Rontgen  ray  pulse  is  very  small  compared 
with  the  wave-length  of  sodium  light,  and  that  in  the  Rontgen 
rays  there  is  not  that  regular  periodic  character  occurring  in  a 
train  of  waves  of  constant  wave-length.    Sir  Gteorge  Stokes  in 
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the  Wilde  Lecture  given  before  the  Manchester  Philosophical 
Society  showed  that  many  of  the  differences  between  Bontg^ 
rays  and  ordinary  light,  such  for  example  as  the  absence  ot 
refraction,  could  be  explained  by  the  theory  that  the  Rdntgen 
rays  consisted  of  pulses  whose  thickness  was  very  small  compared 
with  the  wave-length  of  visible  light. 

A  very  complete  investigation  of  the  difi&action  of  Rontgen 
rays  from  this  point  of  view  has  been  given  by  Sommerfeld*. 

368.     If  -ff  is  the  magnetic  force  in  the  pulse  the  energy  per  unit 

volume  of  the  pulse  is  ^  -ff*  (half  of  this  is  due  to  the  magnetic 

and  half  to  the  electric  field) ;  substituting  the  value  given  for  H 
and  integrating  throughout  the  volume  of  the  pulse  we  find  that 
the  energy  in  the  pulse  is 

3     S     • 

Thus  the  amount  of  energy  radiated  aw^ay  in  the  pulse  varies 
inversely  as  the  thickness  of  the  pulse,  and  the  thickness  of  the 
pulse  depends  upon  the  abruptness  with  which  the  particle  is 
stopped ;  if  the  stoppage  is  very  abrupt  the  pulse  is  thin,  if  it  is 
gradual  it  is  wide.  The  amount  of  energy  radiated  away  in 
Rontgen  rays  bears  to  the  energy  in  the  field  the  ratio  of  2a 
to  S,  where  a  is  the  radius  of  the  corpuscle  (see  p.  652).  If  S  is 
equal  to  2a  then  all  the  energy  (assuming  that  the  mass  of  the 
particle  arises  wholly  from  electrical  causes)  will  be  radiated  away ; 
wuth  thicker  pulses  only  a  portion  of  the  energy  is  radiated,  the 
rest  is  absorbed  where  the  particle  is  stopped. 

359.  In  the  preceding  investigation  we  have  supposed  that 
the  velocity  of  the  particle  is  small  compared  with  the  velocity  of 
light,  the  same  method  will  however  apply  when  this  limitation 
Ls  removed. 

Mr  Searle  has  shown  in  this  way  that  the  tangential  electric 
polarization  is  equal  to 

e        w  sin  0 

47r?'S  V—WCOS0* 

a  result  first  obtained  by  Dr  Heaviside  by  another  method  (Elec- 
trician, Oct.  11,  1901). 

•  Sommerfe^d,  PhyHk,  Zeit.  (1)  p.  106,  (2)  p.  66,  1900. 
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360.  When  the  particle  moves  with  the  velocity  of  light  the 
electric  and  magnetic  forces  before  the  stoppage  are  confined  to  a 
plane  through  the  centre  of  the  sphere  at  right  angles  to  its  direction 


Fig.  204. 

of  motion.  To  find  the  effect  at  a  time  t  after  the  stoppage  of  such 
a  particle  we  apply  the  same  principle  as  before,  that  outside  a  pulse 
whose  radius  is  Vt  the  field  is  the  same  as  if  the  particle  had  gone 
on  moving  uniformly  with  the  velocity  it  had  when  stopped,  and 
that  between  the  charged  particle  and  the  pulse  the  distribution 
of  Faraday  tubes  is  uniform.  Thus  we  shall  find  a  deformation 
of  the  Faraday  tubes  such  as  is  shown  in  Fig.  205 ;  the  plane  of 
magnetic  and  electric  force  travels  on  as  if  the  particle  had  not 


Fig.  205. 
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been  stopped,  since  it  alwa}rs  keeps  just  outside  the  spheaee  ci 
radius  Vt  and  there  is  in  addition  a  spherical  pulse  formed  hj 
the  parts  joining  the  Faraday  tubes  inside  the  sphere  to  those 
outside. 

361.  To  find  the  magnitude  of  the  tangential  polanzaticm  T 
we  may  proceed  as  follows.  Consider  an  element  of  the  pube 
ABCDEFOH  formed  by  the  intersection  of  two  meridian  planes 
ABFE,  DCOH  inclined  at  an  angle  S<^  and  two  cones  BGGF, 
ADHE  whose  semi- vertical  angles  are  0  and  O^-dO  with  the 
outer  and  inner  spheres  bounding  the  pulse,  then  since  there 
is  no  free  electricity  inside  this  element  the  number  of  lines 
of  force  which  leave  the  face  BCGF  must  equal  the  sum  of  the 
numbers  entering  the  faces  AD  EH  and  EFGH;  hence  if  S  is  the 
thickness  of  the  pulse,  T  the  tangential  polarization,  we  have 

ig(TSr  sin  0d<f>)  d0  =  ^  rd0  r  sin  0  d<f>, 

or  -^-^  (TBr  sin  0)  =  £^sm0, 

rr,        e     1  —  cos  ^ 
wrb     sm  0 

and  H  the  magnetic  force  in  the  spherical  pulse  is  given  by  the 

equation 

„  _  e  F 1  —  cos  0 

rS     sin  0 

Magnetic  and  Electric  Forces  due  to  the  acceleration  of 

charged  particles. 

362.  In  the  investigation  in  Art.  357  we  supposed  that  the 
particle  was  reduced  to  rest;  exactly  the  Siime  method  will  however 
give  us  the  effects  produced  when  smaller  changes  in  the  velocity 
of  the  particle  occur  and  when  the  velocity  of  the  particle  is  altered 
without  being  destroyed.  We  saw  in  Art.  357  that  when  a 
particle  moving  with  a  velocity  w  is  reduced  to  rest,  i.e.  when 
a  change  w  is  produced  in  the  velocity,  a  tangential  electric 
polarization  T  and  a  tangential  magnetic  force  H  are  produced 
which,  at  a  distance  r  from  the  particle,  are  at  the  time  rj  V  after 
stopping  the  particle  given  by  the  equations 

jj_ew3m0       jj._^ewam0 
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if  r  is  the  time  taken  to  stop  the  particle,  i  {the  xhkknesB  of  the 
pulse)  is  equal  to  Ft,  hence  we  may  write 

wr^'    ^       HPt"- 

If  now  the  Telocity  a(  the  particle  instead  of  being  diminished 
by  fc;  in  the  time  r  is  increased  by  Sir  in  the  same  time,  we  can 
prove  by  exactly  the  same  method  that  there  will  be  a  tangential 
electric  polarization  T'  and  a  magnetic  force  H'  given  by  the 
equations 

j^_     eBwsinO       17' _     eSwsin^ 
"  "  4wrVr  '  "        ^4^  ' 

since  Sw  is  the  increase  in  the  velocity  in  the  time  r,  Sw==fr, 
where /is  the  acceleration  a(  the  particle ;  hence  substituting  this 
value  for  Sw,  we  have 

0pr  ^     tfsinO       ff'^     efsinO 

thus  an  accelerated  charged  particle  jnoduces  in  the  surrounding 
field  tangential,  magnetic,  and  electric  forces  which  vaiy  inversely 
as  the  distance  fi^m  the  particle. 

By  Poynting's  theorem  the  rate  at  which  energy  is  flowing 
radially  through  unit  area  of  sur&ce  is  V*T'H';  integrating  this 
expression  over  the  sur&ce  of  a  sphere  having  its  centre  at  the 
particle,  we  find  that  the  rate  at  which  energy  crosses  the  sur&ce 

is  ^  -^ ,  a  result  given  by  Larmor  (Phil.  Mag.  v.  44,  p.  503, 1897). 

363.  The  radiation  of  energy  fi^m  the  moving  charged  particle 
will  modify  its  motion;  thus  supposing  the  particle  to  have  the 
mass  m  and  to  be  acted  upon  by  a  uniform  force  X,  then  if  t;  is  the 
velocity  of  the  particle  the  kinetic  energy  is  ^tf  and  the  accele- 

ration  is  -^;  suppose  that  in  time  Bt  the  particle  moves  over  a 

distance  &r,  the  work  done  on  the  particle  by  the  external  force 
is  XeSx,  this  work  must  equal  the  increase  in  the  kinetic  energy 
plus  the  energy  radiated  away  in  time  St,  hence 


or 


Xev^mv^  +  m^J W; 


we  see  firom  this  equation  that  if  the  particle  starts  firom  rest  its 
acceleration  is  initially  zero  instoad  of  Xe/m. 
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Solving  equation  (1),  we  find 


*     2e»  1  ,, 


Xe 


dv 


3  Vm 


I 


~  av     ^  av 

Xe-m^     Xe-m^ 


(2). 


Thus  if  r  is  the  time  required  for  the  acceleration  to  reach  half 

2  c*  1 

its  final  value  Xejm,  we  have  r=^  p.— {Iog.2  +  1}. 

/2  c* 
The  following  are  a  series  of  corresponding  values  ^f  7  o  ^ 


and  m  -^1  Xe. 


0 

•217 

•473 

•783 

1-177 

1-693 

2-416 

3-537 

5-611 

11-302 

C30 


1 


0 
1 
2 
3 

4 
5 
6 
/ 

8 
9 
0 


Thus,  until  a  time  companible  with  e^jVm  has  elapsed,  the 
acceleration  of  the  particle  and  therefore  the  rate  at  which  it  is 
losing  energy  by  radiation  will  be  small  compared  with  their 
final  valuas ;  thus  if  a  pulse  of  electric  force  passes  over  a  charged 
particle  a  much  smaller  proportion  of  the  energy  in  the  pulse 
will  be  radiated  away  if  the  pulse  is  so  thin  that  the  time  taken 
for  it  to  pass  over  the  particle  is  comparable  with  T  than  will  be 
radiated  from  the  thick  pulses  whose  time  of  transit  is  much 
longer,  for  then  the  thin  pulses  will  have  much  gre^iter  penetrating 
power  than  the  thick  ones.  The  expression  given  in  Art.  161  for 
the  coefficient  of  absorption  of  Rontgen  rays  only  applies  to  the 
cjise  when  the  pulse  is  so  thick  that  the  time  taken  for  it  to  p^ss 
over  a  charged  particle  is  large  compared  with  erjmV,  the  coeflScient 
of  absorption  for  thinner  pulses  is  much  smaller. 
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on  imparities  in  the  gas  586 
effect  of  current  on  542 

Cttihode  rays  621  et  seq. 
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cathode  rays  622 
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623 
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349 
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saturation  13 
Current,    variation    of,    with    potential 
difference  for  leak  due  to  ultra- 
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Emanation  from  radium  351 

density  of  352 
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519 

Faraday,  influence  of  successive  sparks 
431 
dissymmetry  of  discharge  466 
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Incandescent  solids,  ratio  of  charge  to 
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